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1.  INTRODUCTION 

The  author  has  undertaken  a  comprehensive  study  of  the  origins 
and  characteristics  of  tropical  cyclones.  Many  of  these  results  are 
believed  to  be  relevant  to  the  U.S.  Navy  for  forecasting  and  numerical 
simulations  of  these  storms,  and  this  report  is  Issued  to  disseminate 
this  Information.  This  is  the  third  report  on  this  subject.  Previous 
reports  by  Gray  and  Frank  (1977,  1978)  give  additional  information. 

This  research  Includes  composite  studies  of  large  amounts  of  rawlnsonde 
and  satellite  data. 

Section  2  presents  Information  on  global  tropical  cyclone  occur¬ 
rence.  Section  3  discusses  current  research  on  cyclone  genesis  and  a 
suggested  parameter  which  might  be  used  to  operationally  forecast  this 
phenomena.  Section  4  gives  new  information  on  the  intensity  change  of 
tropical  cyclones.  Section  5  discusses  tropical  cyclone  motion  and 
gives  information  on  how  cyclone  turning  motion  can  he  anticipated  f ror 
surrounding  flow  parameters  24  to  36  hours  before  it  takes  place. 

Section  6  discusses  new  ways  to  determine  tropical  cyclone  intensity. 

The  last  section  discusses  the  large  diurnal  variations  which  arc  being 
observed  in  tropical  weather  system  vertical  notion.  Other  tropical 
cyclone  information  is  also  presented  and  discussed. 

More  detailed  Information  is  contained  In  the  Colorado  State 
University  Department  of  Atmospheric  Science  tropical  cyclone  project 
reports  of  Cray,  1975a,  1975b;  George,  1975;  Frank,  1976;  Zehr.  1976; 

S.  Krickson,  1977;  Arnold,  1977;  and  other  papers  by  Frank,  1977a,  b,  e; 
Gray,  1975a,  b:  Gray,  1977a,  b,  c;  Nunez  and  Gray,  1977;  McBride  and 
Gray,  1978;  Gray,  1979;  McBride,  1979;  and  Chan,  Gray  and  Kidder,  1979. 


1.1  Data  anil  Analysis  Techniques 


The  information  In  this  paper  is  taken  from  various  studios  of 


tropical  cyclones  using  composited  rawlnsonde  data,  climatological  in 


formation,  NOAA  flight  data  and  DMSP  satellite  photographs.  The  data 


sources  used  are  listed  below 


Fourteen  years  (1957-19701  of  N.W.  Pacific  rawlnsonde  data 
(v  18,000  soundings)  from  30  stations  as  shown  in  Fig.  1.  This 
data  sample  is  currently  being  expanded  to  20  years. 


Twenty-two  years  (1956-1977)  of  N 
from  the  stations  shown  In  Fig.  2 


Atlantic  rawlnsonde  data 


Five  years  ( 1971-1975)  of  direct  read-out  satellite  photographs 
from  Guam  Defense  Meteorological  Satellite  Program  (DMSP! 
of  tropical  cyclones  and  cloud  clusters  in  the  N.W.  Pacific. 
This  1/3  nautical  mile  resolution  data  has  been  digitized  and 
composited  to  perform  quantitative  analyses  of  the  convection 
associated  with  West  Pacific  tropical  weather  systems. 


All  of  the  Joint  Typhoon  Warning  Center  (JTWC),  Guam  typhoon 
summaries  for  the  32-year  period  of  1946-1977. 


Seasonal  sea-surface  temperature  and  thermocline  data  in  5 
marsden  squares  for  the  whole  Pacific  as  furnished 
by  the  Navy  Oceanographic  Office. 


1.  Western  North  Pacific  rawlnsonde  data  network 


Rawlnsonde  Compositing  Philosophy  and  Technique.  Tropical  cyclones 
and  cloud  clusters  spend  most  of  their  lifetimes  over  the  warm  tropical 
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oceans.  Traditional  data  sources  .ire  very  sparse  In  such  regions,  and 
dally  tropical  weather  analyses  are  notoriously  unreliable.  The  severe 
winds  found  in  tropical  cyclones  further  reduce  the  availability  of  such 
data.  It  is  not  possible  to  obtain  enough  rawinsonde  data  or  surface 
observations  around  any  individual  storm  or  cluster  at  one  time  period 
to  permit  quantitative  analysis  of  structure,  dynamics  or  energetics. 

Aircraft  data  have  provided  the  best  information  concerning  the 
activities  in  the  intense  central  core  regions  of  tropical  cyclones. 

There  are  a  number  of  case  studies  of  Individual  storms  based  on  Northwest 
Atlantic  hurricane  flight  data  (Riehl  and  Malkus,  1<>61;  Miller,  1962; 

C.rav ,  1962,  1967;  labour  and  Hawkins,  1963;  Sheets,  1967a,  1967b,  1968; 
Hawkins  and  Rubsam,  I9b8;  Hawkins  and  Imbembo,  19763  an.!  also  statis¬ 
tical  treatments  of  the  flight  data  (Shea  and  Gray,  1973;  Gray  and  Shea, 
1973).  However,  logistical  considerations  have  limited  the  ability 
of  aircraft  to  provide  Information  concerning  the  outer  convective 
regions  of  the  storm  and  its  broader  scale  environment.  V.  reran  data 
also  have  been  limited  to  a  few  flight  levels  per  storm  time  period  due 
to  the  usually  low  number  of  available  aircraft,  maximum  aircraft  ceilings 
of  200  mb  or  less,  and  dangerous  low  level  flight  conditions. 

None  of  the  above  data  sources  can  produce  an  accurate  vertical 
profile  of  the  radial  wind  pattern  around  a  svstem.  Without  such  a 
profile  it  Is  impossible  to  compute  meaningful  budget s  of  energv,  water 
vapor,  momentum,  vorticity,  etc.  In  addition,  vertical  profiles  of  the 
other  dynamic  and  thermodynamic  variables  cannot  he  determined  tullv 
over  the  mesoscale  area.  It  is  necossarv  to  composite  verv  large 
amounts  of  data  from  many  similar  weather  systems  at  many  time  reriods 
to  obtain  meaningful  quantitative  measurements. 
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Although  t ho  extreme  variabilities  and  Individual  asymmetries  of 
tropical  cyclones  and  cloud  clusters  are  well  known,  the  nature  ot  the 
basic  dynamic  and  energetic  processes  which  govern  these  systems  must 
be  largely  Invariant.  Compositing  allows  quant iative  analyses  of  these 
features.  Any  compositing  system  smoothes  out  many  of  the  individual 
characteristics  of  single  systems,  but  a  great  deal  of  information 
concerning  asymmetrical  or  "eddy"  qualities  can  be  deduced  bv  the  use 
of  proper  data  handling  techniques. 

Compositing  was  performed  on  a  15°  latitude  radius  cylindrical 
grid  extending  from  sea  level  to  50  r.b.  The  svstom  circulation  center 
was  located  at  each  time  period  using  JTVC  and  NCAA  Miami  reports  and  or 
satellite  photographs,  and  the  grid  was  positioned  with  the  svstem  at  grid 
center  ot  the  lowest  level.  Whenever  available  ravinsor.de  soundings  fell 
on  the  grid  at  a  given  tine  period  for  a  given  storm,  each  sounding  was 
located  relative  to  the  storm  center  In  cylindrical  coordinates.  rigure 
3  shows  the  grid  and  the  number  of  soundings  per  grid  space  for  a  tvpi- 
cal  stratification.  All  of  the  parameters  to  he  composited,  whether 
directly  measured  or  computed  from  the  directly  measured  parameters, 
were  determined  at  the  observation  station  locations  at  21  vertical 
pressure  levels. 

The  geographical  alignment  of  the  grid  varied  with  the  coordinate 
system  used.  After  all  parameters  were  either  measured  or  computed  for 
each  sounding,  the  value  of  each  parameter  was  assigned  to  a  point  at 


i 


7 


the  center  of  the  grid  box  in  which  the  sounding  fell.  All  soundings 
which  fell  in  that  grid  space  for  the  particular  group  of  storms  and 
time  periods  being  analyzed  were  composited. 

The  data  set  was  sufficiently  large  to  allow  compositing  of 
various  subsets.  Data  could  be  grouped  according  to  any  characteris¬ 
tics  observed  in  individual  systems  such  as  location,  season,  intensity, 
motion,  or  intensity  tendency.  By  comparing  the  composites  of  dif¬ 
ferent  types  of  systems  it  was  possible  to  quantitatively  analyze  the 
persistent  differences  between  the  groups.  It  was  also  possible  to 
remove  obviously  atypical  systems  or  time  periods  from  a  data  group  to 
improve  the  quality  of  the  data  set. 

Rawinsonde  compositing  procedures  involve  the  use  of  four 
separate  reference  frames: 

1)  With  respect  to  the  instantaneously  fixed  cyclone 
center  in  a  N-S  or  geographical  coordinate  system. 

2)  With  respect  to  the  cyclone  center  in  a  geographical 
coordinate  system  with  the  cyclone  motion  subtracted 
out  of  all  the  winds  (portrayal  of  data  relative 

to  the  moving  cyclone  center  in  geographical  coordinates) . 

3)  With  respect  to  the  instantaneously  fixed  cyclone 
center  and  the  direction  to  which  the  storm  is  moving. 

A)  With  respect  to  the  cyclone  center  and  the  direction 
to  which  the  storm  is  moving  with  the  cyclone  motion 
subtracted  out  of  all  the  winds. 

See  our  other  project  reports  for  more  information  on  this  compositing 
procedure . 

The  relative  positions  of  the  system  and  the  balloon  changed  due 
to  their  respective  motions  during  the  balloon's  ascent  time.  These 
motions  were  estimated  from  the  data,  and  the  positions  of  each  were  cor¬ 
rected  at  each  pressure  level.  In  this  study  horizontal  eddy  fluxes  were 


rr-m,~  - 
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estimated  by  compositing  Individual  fluxes  of  quantities  and  comparing 
them  to  mean  fluxes.  The  radial  winds  were  Initially  composited  and 
mass  balanced  from  the  surface  to  100  mb  by  adding  a  small  constant 
correction  factor  (AV^)  to  each  Individual  radial  wind  value  in  a  given 
radial  band.  Changes  In  mass  of  the  volume  within  the  radial  band  were 
neglected.  For  each  sounding  the  product  of  the  corrected  \?r  and  the 
quantity  being  analyzed  was  computed  at  each  level.  Such  products  for 
all  of  the  soundings  In  an  octant  were  then  composited  as  before, 
giving  a  mean  transport  value  for  each  octant  at  each  level,  v"q,  where 
the  bar  denotes  time  and  space  averaging  of  the  V^-Q  products.  By 

subtracting  the  product  of  the  mean  and  the  mean  quantity  (Q)  one 
could  achieve  a  good  estimate  of  horizontal  eddv  transport: 


V  Q'~  V  -Q  -  V  -q 
r  r  r  N 

Summary  of  Recent  and  Current  Research  Projects.  Table  1  shows 
the  tropical  cyclone  research  projects  which  are  either  now  in  progress 
or  have  been  completed  since  1972  at  CSV.  Some  of  the  more  useful 
findings  for  operational  purposes  are  summarized  in  the  following 
chapters. 


Recently  Completed  and  Current  Tropical  Cyclone  Research  Projects 
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Tn tensity  Data 
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2.  STATISTICS  ON  GLOBAL  TROPICAL  CYCLONE  OCCURRENCE 

There  are  approximately  80  tropical  cyclones  of  maximum  sustained 
winds  of  20-25  m/s  which  occur  over  the  globe  per  year.  Figure  4  shows 
the  location  of  the  initial  genesis  point  of  cyclones  for  a  20-year 
period.  About  half  to  two-thirds  of  these  cyclones  reach  hurricane 
strength  (maximum  sustained  winds  >  33  m/s).  As  shown  by  Table  2,  the 
year  to  year  percentage  variation  in  the  global  number  of  tropical 
cyclones  over  the  last  20  years  has  ranged  from  -13%  to  +23%.  The 
average  annual  variation  is  only  8  percent  which,  considering  the  in¬ 
dividual  ocean  basin  variation  of  cyclones,  is  quite  small.  This  table 
also  gives  the  Northern  and  Southern  Hemisphere  occurrences.  The  ratio 
of  yearly  Northern  to  Southern  Hemispheric  cyclone  frequency  varied 
from  1.5  to  4.0.  The  numbers  of  tropical  cyclone  formations  by  month 
and  year  for  the  Northern  and  Southern  Hemisphere  are  given  in  Tables 
3  and  4.  Individual  monthly  variation  is  large.  About  3*s  times  as 
many  cyclones  occur  in  August  and  September  as  in  April  and  May. 

Individual  ocean  basins  can  have  wide  year  to  year  differences  in 
cyclone  occurrences  as  indicated  in  Table  5.  Basins  are  defined  in 
Fig.  5. 

Figures  6  and  7  show  the  variation  of  cvrlone  initial  occurrence 
by  latitude.  Note  that  only  about  13%  of  cyclones  form  poleward  of  20° 
latitude  and  nearly  all  of  these  occur  in  the  Northern  Hemisphere. 

Large  land-sea  monsoon.il  influences  do  not  occur  in  the  Southern  Hemisphere 
and  '.he  poleward  peneti  .it  ion  of  the  Equatorial  Trough  is  much  more 
restricted  than  in  the  Northern  Hemisphere.  \bout  two-thirds  ot  all 
yclones  occur  in  the  Northern  Hemisphere.  Similarly,  about  two-thirds 
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TABLfc  2  Las i  20  years'  statistic's  on  uofu  ai  i  \i  iom  a<  uvm  in  vmumhin  and  «h  ihmin 

HIMISrHIRh 


NH 

Year 

SH 

No 

NH 

of  cyclones 

SII 

Total 

deviation 
from  20  yr 
average 

Ratio  NH 
toSH 

1958 

1958  59 

52 

25 

77 

\ 

2  1 

1959 

1959-60 

48 

21 

69 

13 

2  3 

I960 

I960  61 

48 

22 

70 

I  V 

2-2 

1961 

1961-62 

58 

23 

81 

4  2 

2  5 

1962 

1962  63 

50 

30 

80 

•  \ 

1-7 

1965 

1963  64 

49 

23 

72 

9 

2  1 

1964 

1964  65 

65 

19 

84 

♦  ft 

3  4 

1965 

1965  66 

56 

22 

78 

1 

2-' 

1966 

1966  67 

64 

16 

78 

1 

4  0 

1967 

1967  68 

63 

28 

91 

*  15 

22 

1968 

1968  69 

61 

2J 

84 

*  6 

2-6 

1969 

1969  70 

49 

23 

72 

9 

2  1 

1970 

1970  71 

56 

26 

82 

*  4 

2  1 

1971 

1971  72 

70 

27 

97 

•  23 

2  6 

1972 

1972-73 

54 

35 

91 

•  15 

15 

1973 

1973  74 

4ft 

28 

74 

ft 

16 

1974 

1974  75 

55 

19 

75 

5 

2-9 

1975 

1975  76 

47 

29 

76 

4 

1ft 

1976 

1976-77 

55 

30 

85 

♦  7 

1-8 

1977 

1977-78 

47 

20 

67 

15 

2  3 

Total 

1093 

489 

1583 

Average 

54-6  24  5 

79  1 

*8 

2  3 

TABLE  3 

FdfQtitNt  v  or  NoarHiRN  HiMiiPtuar 

TROPIC Al  CYClONf 

I.INtSIS  R>  >MR 

AM)  MONTH 

Year 

Jan 

Feb 

Mar 

Apr 

May 

June 

July 

Aug 

Sep 

Oct 

Nov. 

Dec 

Total 

1958 

i 

0 

0 

0 

2 

5 

10 

9 

II 

9 

4 

1 

52 

1959 

0 

0 

0 

1 

■> 

ft 

7 

II 

9 

s 

2 

V 

48 

I960 

0 

0 

0 

1 

3 

7 

6 

14 

ft 

8 

2 

1 

48 

1961 

1 

1 

1 

| 

4 

5 

10 

5 

14 

9 

ft 

1 

58 

1962 

0 

1 

0 

1 

3 

2 

7 

H 

II 

7 

4 

3 

'0 

1963 

0 

0 

0 

1 

3 

5 

6 

5 

14 

p 

0 

4 

49 

1964 

0 

0 

0 

0 

3 

4 

II 

15 

12 

8 

10 

V 

65 

1965 

2 

2 

1 

1 

4 

8 

8 

8 

12 

3 

4 

3 

56 

1966 

0 

0 

0 

2 

2 

3 

9 

13 

20 

5 

7 

3 

64 

1967 

2 

1 

1 

1 

2 

4 

10 

12 

12 

13 

3 

2 

6.3 

1968 

0 

0 

0 

1 

2 

5 

7 

17 

II 

II 

ft 

i 

ftl 

1969 

1 

0 

1 

1 

1 

0 

7 

13 

10 

9 

4 

V 

49 

1970 

0 

1 

0 

0 

4 

ft 

II 

10 

9 

8 

7 

0 

'6 

1971 

1 

0 

1 

3 

7 

3 

15 

II 

i' 

9 

4 

1 

-o 

1972 

1 

0 

0 

i 

4 

2 

9 

12 

12 

ft 

4 

3 

'4 

1973 

0 

0 

0 

0 

0 

5 

12 

8 

8 

7 

S 

i 

4ft 

1974 

2 

0 

0 

2 

4 

ft 

5 

14 

13 

ft 

4 

0 

S5 

1975 

2 

0 

0 

0 

2 

3 

ft 

II 

9 

8 

ft 

0 

47 

1976 

1 

1 

0 

3 

Y 

7 

9 

15 

10 

4 

0 

3 

55 

1977 

0 

0 

1 

0 

3 

4 

8 

4 

13 

9 

4 

1 

47 

Total 

13 

7 

ft 

20 

57 

90 

173 

218 

231 

158 

86 

34 

1093 

Average 

O' 7 

0  3 

0-3 

10 

2'9 

4-5 

8-6 

10  9 

II 

5  7  9 

4  3 

1-7 
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ot  .ill  tropical  cyclones  torw  tu  the  Eastern  .is  opposed  to  the  Western 
Hemisphere . 

Figure  8  shows  the  trucks  of  tropical  cyclones  tor  a  3-vear  period. 
Note  the  wide  variation  ot  tracks.  Also  note  that: 

1)  Cyclones  do  not  t  orm  within  4-5'  ot  the  equator.  Genesis 
is  especially  favored  In  the  latitude  belts  ot  5-15°. 

Genesis  does  not  occur  poleward  ot  2.’*  latitude  in  the 
Southern  Hemisphere.  In  the  Northern  Hemisphere  genesis  occurs 
at  latitudes  as  high  as  \  35-  tt>'  . 

2)  Regions  centered  around  80  V,  140  K  and  105' W  longitude  are 
especially  favored  for  genesis. 

3)  Although  the  majority  ot  tropical  cyclones  form  in  the 
summer,  genesis  is  possible  in  all  seasons  in  the  Western 
North  1’aclfic.  This  region  has  nearly  one-third  of  all  the 
globe's  tropical  cyclones. 

4)  There  are  two  seasons  per  year  o t  cyclone  formation 

in  the  North  Indian  Ocean  between  5-15°  latitude,  a  minor 
period  in  the  spring  associated  with  the  onset  of  the  southwest 
monsoon,  and  a  major  period  in  the  autumn  associated  with  its 
retreat . 

5)  The  Southeast  Tacit  ic  and  South  Atlantic  are  devoid  ot  cyclones. 

6)  Cyclone  genesis  Is  especially  favored  near  the  seasonal 
location  of  the  1TC'.'.  (Sadler,  1867a;  Gray,  18b83. 
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2.1  Clustering  of  Cyclones  in  Time 

Cyclones  tend  to  cluster  in  time  and  space.  One  often  observes 
5-15  cyclones  occurring  about  the  globe  within  1-2  weeks  between  2-3 
week  periods  when  there  is  very  little  cyclone  activity.  This  cluster¬ 
ing  in  time  for  Northern  and  Southern  Hemispheric  cyclones  of  the  last 
20  years  is  shown  in  Figs.  9  and  10.  These  active  periods  produce  2-6 
times  the  number  of  cyclones  that  would  normally  be  expected  for  that 
date.  Similar  time  clustering  of  weaker  tropical  systems  exist  most 
of  the  time  and  can  occur  in  large-scale  environmental  situations  not 
conducive  to  cyclone  genesis.  It  appears  that  cyclones  are  a  result  of 
the  larger  scale  general  circulation  changes  in  the  tropical  atmosphere 
which  occur  on  time  scales  of  about  10  to  20  days.  Unfavorable  genesis 
situations  can  exist  in  some  locations  for  weeks  and/or  months.  These 
active  genesis  periods  make  up  about  a  quarter  or  a  third  of  the  hurricane- 
typhoon  season  days  yet  they  account  for  about  two-thirds  of  three- 
quarters  of  the  cyclones  which  form. 

As  previously  discussed  (Gray,  1968),  about  80-85  percent  of  the 
tropical  cyclones  originate  in  or  just  on  the  poleward  side  of  the 
Inter-Tropical  Convergence  Zone  (ITCZ)  or  doldrum  trough.  Most  of  the 
remainder  ('v  15  percent)  form  in  the  trade  winds  at  a  considerable 
distance  from  the  ITCZ  but  usually  in  association  with  an  upper 
tropospheric  trough  to  their  northwest  (Sadler,  1967a,  1967b,  1974). 

There  is  another  smaller  class  of  sub-tropical  or  semi-tropical 
cyclone.  These  are  anomalous  warm  core  systems.  They  comprise  about 
3-5%  of  the  global  total  of  tropical  cyclones.  They  form  in  sub- 


rig.  9.  Time  and  space  clustering  of  Northern  Hemisphere  cyclone  genesis.  Numbers  In  shaded  areas  give  the 
number  of  tropical  cyclone  formations  during  active  genesis  periods.  Number  of  formations  during 
Inactive  periods  are  also  shown  In  areas  without  shading.  Numbers  between  arrows  indicate  the 
number  of  cyclone  formations  before  and  after  the  active  genesis  periods. 
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tropical  latitudes  In  barocllnic  regions  within  stagnant  frontal  zones 
or  to  the  east  of  a  westerly  upper  trough.  Typically,  they  produce  weak 
intensity  storms. 


1.  I'YC'l.ONK  Gl'NKSIS 


1'lils  sublet  t  Is  being  ext  oils  I  vo  1  v  studied.  Recent  papers  relating 
1 1'  tills  subject  imii  ho  t  I'uiiil  lii  tlio  reports  of  /obi  S.  l-'rlckson 

U*>77),  Arnold  ( 1  ^  7  7  >  ,  (It  iv  ( I  »  ;  7b)  anil  a  more  extensive  sutvev  report  on 
tills  subject  I'V  Mi' Hr  1  ilp  (l')/M).  Oldei  Colorado  State  I’niversltv  Project 
st  mill's  mi  cvclone  genesis  are  contained  in  tin-  M 1'  I  I  ogi  aphv  . 

The  main  findings  from  our  analysis  ol  tlio  composite  Molds 
regarding  cvclone  genesis  at  o : 

n  I'rp-typlioon  ami  pro  hurricane  systems  are  loeateil  in  largo 
areas  ot  high  values  ol  low  level  relative  vortieitv.  The 
low  level  vortieitv  within  h°  laillus  ol  the  .  entoi  ol  a 
developing  eloml  elustei  Is  ippi  ox  Ima  I  e  1  v  two  to  thtee  tiros 
larget  than  that  ohsei  veil  with  non  ilevelopim  .  loud  .  lusters. 

Mean  divergence  anil  veil  leal  motion  lot  the  tvple.il  Western 
At  l ant  1  e  weathei  system  aie  well  below  the  magnitudes  founil  in 
pie  t  rop  lea  I  storm  systems. 

11  t'nee  a  svstem  has  sulfleient  divergence  to  malnt  lin  10(1  mh  ol 
more  per  ilav  upward  veitleal  motion  ovei  a  s'  raillus  area, 
there  appears  to  he  litl le  relationship  between  the  amount  ol 
upward  vert  leal  voloettv  anil  the  potential  'I  the  svstem  lot 
development . 

A)  t'velone  genesis  takes  plaee  niulei  conditions  ot  zero  veitleal 
wind  shoai  neat  the  svstem  eenter. 

A)  There  Is  a  rei|ul rement  for  large  positive  zonal  shoai  to  the 
north  and  negative  zonal  shear  elose  to  tlio  south  ol  a  develop 
tug  svstem.  There  Is  also  a  requirement  I oi  southei Iv  shoai  to 
the  west  and  northerly  shear  to  the  east.  The  scale  ol  this 
shear  pattern  Is  over  a  I (1  latitude  radius  elrele  with  maximum 
amplitude  at  approx Ima t e l v  h  radius. 

('1  The  large  scale  I  low,  therefore,  lathet  than  the  properties 
ol  the  system  itself,  appears  to  he  the  main  d 1 1  I erent 1  a t  ing 
factor  lor  eye  lone  genesis. 

These  six  findings  can  be  synthesized  into  one  natametet  I ol  the 


potential  ol  a  svstem  lot  development  Into  a  hint  (cane  ot  typhoon: 
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GencaU  Potential  (GP)  -  L900mb“C200«nb  ’ 

when  applied  over  0-6*  radius.  GP  is  three  times  greater  for  developing 
tropical  weather  systems  than  tor  non-developing  systems. 

All  of  the  above  factors  relate  to  dynamic  parameters  or  the  wind 
fields  around  the  disturbances.  There  are  no  consistent  dllferences 
between  developing  and  non-developing  systems  In  thermodynamic  para¬ 
meters  such  as  moisture  content  or  vertical  stability. 

The  analysis  of  the  composite  fields  does  show  some  temperature 
Jit  ercnces  between  the  developing  and  non-dove  1  op  1  ng  svste-s  .  The 
tropical  region  In  which  the  developing  dl  tnrhancc  i  •  embedded  is 
sit  ;htly  warmer  than  the  region  surrounding  the  tv 'leal  non-dove  1  on i  ■ 
disturbance.  Tills  temperature  difference  Is  ol  a  much  snallci  uagnlt  ••  !r 
however,  than  the  d  l  f  •'eronco  In  the  virtd  fields. 

Many  past  authors  have  emphasised  warm-core  versus  cold  core  d.i  - 

•  ct\  c.cc  ••  between  cove  •  op  ir  uni  non-de\  >1  op  it-  d  ■'  nr''.;  .  Mi 

composite  tropical  weather  systems  have  an  upper  level  wa:  core. 

too  lower  atmosphere  there  arc  so  e  d  i :  'oren  -os .  l'hc  Pacific  r.o"- 

d.ovolo'itv;  cloud  cluster  has  a  low  level  cold  core.  In  the  Atlantic  tie 

non-developing  cloud  cluster  has  a  cold  core,  but  the  N.'  non- 

developing  elustei  has  a  low  level  war  t  cote.  Ml  developing  dit  t  tots 

an  •  ’  's'  level  m  -t  I't'res.  Vito  low-lo''o’  -vatm  core  !  •;  on  the  -1  ,  » 

s.ale,  hut  the  vortlelty  is  on  t  verv  much  greater  male  extendi  v  .•  ’ c  ;  •  ' 
o 

10  latitude  in  alt  directions.  The  verticil  v  ditleronee  tlierotoi  ■  .  ;i  t  ■  t 
he  i  ilo  ■  Inaiit  effect,  since  1 1  -s  large  scale  Implies  that  Its  source  I  • 
ex  tern  1 1  to  t  he  .vst  cm. 
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3.1  Individual  Day  Cyclone  Genesis 

During  the  hurricane  season  the  National  Hurricane  Center  in  Miami 
routinely  performs  computer  analyses  over  the  North  Atlantic  Ocean  of 
the  wind  fields  at  the  200  mb  level  and  at  the  ATOLL  level  (Analysis  of 
the  Tropical  Oceanic  Lower  Layer).  Grid  point  values  of  these  fields 
(at  1.5*  grid  resolution)  were  subtracted  to  provide  fields  of  vertical 
shear  by  Mr.  Mark  Zimmer  of  the  National  Hurricane  Center  (NHC) .  This 
is  representative  of  the  vertical  wind  shear  between  200  and  900  mb. 

Maps  were  also  provided  of  zonal  and  meridional  shear  for  the  Atlantic 
Ocean  covering  the  region  from  the  equator  to  45°North,  and  from  36°West 
to  95°West.  Data  were  provided  twice  daily  for  the  hurricane  seasons 
of  1975,  1976  and  1977.  The  data  were  taken  from  the  operational  data 
tapes  of  the  NHC,  so  there  were  some  retrieval  problems  and  some  periods 
of  missing  data.  The  Atlantic  Ocean  is  a  relatively  data  void  area,  so 
there  are,  of  course,  many  deficiencies  in  the  analyses.  The  data 
sources  and  the  analysis  techniques  used  by  the  NHC  have  been  described 
by  Wise  and  Simpson  (1971).  The  200  mb  analysis  includes  both  aircraft 
and  satellite  winds  and  is  considered  to  be  the  most  reliable  upper  air 
analysis.  The  ATOM,  ("v  900  mb)  Is  augmented  by  surface  ship  observa¬ 
tions.  These  two  levels  are  considered  to  be  the  best  levels  available 
in  the  tropics. 

There  wore  22  named  tropical  cyclones  in  the  Atlantic  in  the  period 
1975-1977,  16  of  which  were  classified  as  distinct  tropical  systems  and 
had  sufficient  data  coverage  around  them  so  that  a  reasonable  accurate 
analysis  could  be  made. 

For  these  16  tropical  cyclones,  maps  of  the  vertical  shear  of  the 
zonal  wind  and  the  meridional  wind  were  examined  for  every  12  hours. 


beginning  60  hours  before  the  point  at  which  the  system  first  reached 
a  maximum  sustained  wind  of  35  knots.  The  former  time  is  labelled  -60, 
the  latter  00. 

Seven  parameters  were  examined  for  each  system.  They  are: 

(1)  AH:  the  value  of  the  vertical  shear  o!  the  zonal  wind  at  a 
point  6  latitude  north  of  the  position  of  the  system  minus 
the  value  of  the  shear  at  a  point  6  south  of  the  system; 

All  is  proportional  to  3/'y(-  >0/  'P>9OO_20Omb; 

(it)  AV :  the  vertical  shear  of  the  meridional  wind  61  west  of 
the  system  minus  the  shear  6  east  of  the  svstom; 

AV  is  proportional  to  3/ <x( •*v/:iP)QP0_200mh: 

(lii)  AU  +  AV:  this  is  proportional  to  '  Q00mb~‘  200ml>  *  ',vor‘',*cd 
over  the  0-6  area; 

(iv)  existence  of  a  zonal  zero  line:  the  value  o!  this  parameter 

o 

is  YES  if  the  vertical  V  shear  is  positive  6  to  the  north 
and  negative  6  to  the  south;  otherwise  the  value  is  NO; 

(v)  existence  of  a  meridional  zero  line:  the  value  is  YES  if 

the  vertical  V  shear  is  positive  6  to  the  west  and  negative 
,  o  , 

6  to  the  east; 

(vi)  subjective  existence  of  zonal  zero  line:  the  zero  line 
often  exists  but  does  not  meet  the  strict  criteria  of  item 
(iv)  above;  for  example  the  zonal  zero  line  exists  at 
position  -60  for  storm  Amy  shown  in  Fig.  11,  hot  the  shear 
6  to  the  south  of  the  storm  position  is  positfve; 

(vli)  subjective  existence  of  meridional  zero  lino. 

Typical  maps  of  zonal  and  meridional  shear  at  representative  times 
for  the  thirteen  systems  showing  a  positive  response  are  displayed  in 
Figs.  11  and  12.  Point  X  on  the  figure  is  the  position  of  the  prestorm 
disturbance.  Point  T  is  the  position  at  which  it  eventually  becomes  a 
named  tropical  storm.  The  important  features  of  the  figure  are  that 
every  pre-storm  disturbance  has  a  large  region  of  positive  zonal  shear  to 
the  north  and  negative  zonal  shear  to  the  smith.  In  the  meridional 
shear  ft  has  a  positive  area  immediately  to  the  west  and  a  negative  area 
to  the  east.  The  shears  close  to  but  not  over  the  position  ot  the 
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abscissa  is  degrees  longitude;  the  ordinate  is  degrees  latitude  relative  to  the  position  of  the 
disturbance.  (a)  is  for  60  hours  prior  to  the  development  of  Tropical  Storm  Amy.  (b)  is  for 
60  hours  prior  to  the  development  of  Hurricane  Blanche. 
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disturbance  are  typicallv  very  large.  It  can  be  soon  from  the  figure 
that  this  particular  configuration  of  vertical  shear  extends  over  an 
area  of  20  degrees  latitude  by  20  degrees  longitude.  It  thus  must  be 
interpreted  as  being  set  up  ty  the  large  scale  surrounding  flow  rather 
than  being  caused  by  the  disturbance  itself. 

The  average  values  of  AU,  AX,  Al>'  ;  .'.V  and  the  number  of  YKS  and 
SO  values  for  the  zonal  and  meridional  zero  lines  are  shown  in  TaMo  6. 
ine  average  values  for  the  three  earliest  time  periods  hiving  the 


require 

d  shear  patterns  are  given  in  Tai 

>le  7.  For 

rive  sy;, to 

rs  the 

pattern 

is  already  established  60  hours 

be  ire  the 

=  t  !o\  >  1 

i?r< . 

four  sy 

-toms  it  sets  up  AS  hours  before 

,  for  one  sy 

stem  3ft  hoc 

rs  be: 

a n  .  *  •.'  r 

or.e  s-  stem  2  A  hours. 

eased  on  the  above  results  It  must  he  none  lit. led  that  prior  to  th 
development  of  a  tropical  cyclone  In  the  Western  Atlantic  it  is 
necessary  to  have  values  of  AU  and  AY  both  greater  than  20  knots  and 
also  for  there  to  simultaneously  exist  an  east-vest  extending  lino  o: 
zero  vertical  shear  of  the  zonal  wind  centered  or.  the  dtsturlvneo  wit'.', 
positive  shear  to  the  north  and  negative  shear  to  the  south,  and  i  north- 
south  extending  line  of  zero  vertical  shear  of  the  meridional  wind  wit.-, 
positive  shears  to  the  west  and  negative  shears  to  the  east. 

3.2  Atlantic  Non-developing  Systems 

From  the  period  for  which  zonal  and  meridional  shear  data  wore 
available,  tracks  wer*.  made  up  for  6  5  tropical  systems  which  did  not 
lati  r  develop  into  tropical  storms.  The  positions  for  these  svtoras  wore 
obtained  is  follows: 
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TABLE  6 

Mean  characteristics  of  the  patterns  of  vertical  shear  for  the  sixteen 
pre-troplcal  storm  disturbances.  Values  are  in  knots.  AU  la  proportion¬ 
al  to  3/3y(-3U/3p)900_200mb;  AV  la  proportional  to  3/3x(3V/3p)9g0_200mb ; 
AU  +  AV  Is  proportional  to  4900mb_£-200rab »  averaged  over  the  0-6*  radius 
area  centered  on  the  system. 


Position 

AU 

AV 

AU  +  AV 

Zonal  Zero 

Line 

Meridional 

Zero  Line 

-60 

11 

7 

18 

3 

YES 

10 

NO 

5 

YES 

8 

NO 

-48 

17 

10 

24 

6 

YES 

7 

NO 

7 

YES 

5 

NO 

-36 

28 

18 

46 

9 

YES 

5 

NO 

6 

YES 

7 

NO 

-24 

35 

27 

64 

8 

YES 

5 

NO 

9 

YES 

4 

NO 

-12 

50 

34 

82 

12 

YES 

4 

NO 

11 

YF.S 

4 

NO 

_ 00 _ 

_  54_ 

_  33_ 

86 

-  I2. 

YES 

_  4 

N0_ 

9 

YES 

6 

NO 

Mean 

33 

22 

53 

50 

YES 

35 

NO 

47 

YES 

34 

NO 

(59%,  41%)  (58%,  42%) 


TABLE  7 

Mean  characteristics  of  the  patterns  of  vertical  shear  for  the  three 
optimum  time  periods  prior  to  the  development  jf  each  tropical  storm 
(values  are  in  knots).  These  are  not  the  threi  time  periods  with  the 
highest  values,  but  rather  the  earliest  three  time  periods  showing  the 
required  shear  pattern.  AU  is  proportional  to  3/3y (-3U/3p)90o_200mbi 
AV  Is  proportional  to  3 / 9x ( 3V/ 3p ) o0g_200ml? ;  AU  +  AV  is  proportional  to 
^900mb_ii200mb’  averaged  over  the  0-6°  radius  area  centered  on  the  system. 


AU 


AV  AU  +  AV  Zonal  Zero 

Line 


Meridional  Zero 
Line 


37  28  65 


28  YES  7  NO  25  YES  4  NO 

(80%,  20%)  (86%,  14%) 


Jtm 
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Non-developing  tropical  depressions  (16  systems):  The  official 
tracks  of  Atlantic  depressions  were  used  as  obtained  from  the 
National  Hurricane  Center.  Only  systems  were  used  that  died  over 
the  ocean.  (Systems  are  from  the  1975,  1976  and  1977  seasons). 

Dvorak  systems  (8  systems):  These  systems  are  from  the  same  source 
as  the  systems  making  up  the  Atlantic  cloud  cluster  data  set  of 
Chapter  7  (Systems  from  1975). 

Frank  systems  (11  systems):  These  systems  are  from  the  same  source 
as  the  systems  making  up  the  Atlantic  wave  trougli  cluster  data 
set  of  Chapter  7.  (Systems  from  1975.) 

Shapiro  systems  (11  systems):  Shapiro  (1977a,  b)  of  the  National 
Hurricane  and  Experimental  Meteorology  Laboratory,  NOAA,  has  also 
studied  the  differences  between  developing  and  non-developing  tro¬ 
pical  disturbances.  The  tracks  of  the  systems  which  he  used  as 
non-developing  cases  were  provided  by  him  for  this  studv.  (Systems 
from  1976,  1977.) 

McBride  systems  (17  systems):  The  author  picked  positions  of  prom¬ 
inent  conservative  (lifetime  greater  than  24  hours)  cloud  clusters 
in  the  Western  Atlantic  from  geosynchronous  satellite  imagery. 
(Systems  from  1976,  1977.) 

Shear  patterns  for  these  systems  were  analyzed  at  onlv  12  CMT, 
though  at  least  2  satellite  pictures  per  day  were  used  in  the  actual 
positioning  of  the  systems.  For  the  63  disturbances  vertical  shear 
data  were  available  at  178  different  12  GMT  tine  periods,  an  average 
of  2.S  per  system.  Four  randomly  chosen  examples  of  the  zonal  and 
meridional  vertical  shear  patterns  surrounding  the  positions  (marked  >') 
of  non-developing  disturbances  are  shown  in  Figs.  13  and  14.  The  mean 
values  of  the  shear  parameters  for  the  non-developing  systems  are  shown 
in  Table  8. 

All  the  non-developing  systems  have  very  low  values  of  AV.  A  zonal 
zero  line  exists  for  25  percent  of  the  positions  and  a  meridional  zero 
line  for  19  percent.  This  compares  with  46  percent  and  58  percent  for 
prehurricane  systems  48  hours  before  development. 


NON-DEVELOPING  DEPRESSION  ZONAL  SHEAR 


13.  Maps  of  vertical  shear  of  the  zonal  and  meridional  wind  surrounding  four  non-developing  tropical 
disturbances. 
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It  does  seem,  however,  from  Table  8  that  large  values  of  *l  or 
\V  shear  or  the  existence  of  a  zero  line  are  fairly  frequent  events  in 
the  Western  Atlantic.  The  Important  factor  for  tropical  cyclone  genesis 
is  whether  1  urge  va_luos  of  shear  exist  eoncu:  rent  ly  anti  wh.ether  these 
shears  persist  for  more  than  one  day . 

The  178  non-developing  positions  were  examined  for  the  concurrent 
appearance  of  (i)  T  greater  than  20  knots,  (ii)  '.V  greater  than  20 
knots,  (iii)  the  existence  of  a  zonal  zero  line,  and  (iv)  the  existence 
of  a  meridional  zero  line. 

There  were  only  14  positions  out  of  178  (or  S')  such  that  three  of 
the  four  criteria  were  met.  By  contrast,  for  the  16  developing  systems 
considered  .'3  (or  82')  of  then  had  a  oeriod  o:  at  least  S6  hours,  such 
that  3  of  the  4  criteria  were  net,  sometime  in  the  6C  hours  prior  to 
eye  1 one  deve 1 opment . 

Of  the  63  non-developing  systems  only  2  (or  3')  had  more  than  one 
time  period  satisfying  3  or  the  4  criteria.  If  the  vertical  shear 
criteria  were  being  used  to  predict  cyclone  genesis,  these  two  systems 
(one  Shapiro  system  and  one  Dvorak  system)  would  have  been  predicted  to 
develop.  The  shear  criteria  therefore  appear  to  slightly  overpredict 
genesis . 

In  summary,  for  the  hurricane  season  of  l075-lQ7~  in  the  '.'cs tern 
Atlantic,  the  use  of  the  vertical  shear  data  would  have  correctly  pre¬ 
dicted  the  development  of  13  out  of  16  tropical  storms.  It  would  have 
correctly  predicted  non-development  for  61  out  of  63  non-developing 
weather  systems.  The  general  skill  of  operational  forecasting  of  t To¬ 
pical  cyclone  genesis  is  much  below  this  success  rate. 
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3.3  Pad  tic  Pretyphoon  Versus  Non-developing  Cloud  ('lusters 

lu  tin*  Western  Pacillc  no  grid  point  data  on  vertical  shear  were 
available.  Nevertheless,  a  limited  test  on  the  use  of  vertical  shear 
as  a  predictor  of  tropical  storms  in  this  area  was  performed  by  sub¬ 
jectively  picking  wind  values  around  clusters  off  weather  maps.  Positions 
were  tabulated  for  non-developing  and  pretyphoon  cloud  clusters  from  the 
years  1972  and  1974.  Values  of  the  U  and  V  component  of  the  wind  at 
200  mb  and  the  surface  were  estimated  from  the  weather  maps  at  points 
6l  to  the  north,  6l  to  the  south,  b°  to  the  east  and  6°  to  the  west  of 
each  cluster.  The  positions  of  the  clusters  were  those  ohtalned  In  the 
DMSP  satellite  study  of  S.  Frickson  (1977).  Weather  maps  were  available 
at  182  time  periods  for  18  pretyplioon  clusters  and  31  non-developing 
cloud  clusters.  The  wind  values  were  picked  off  the  weather  maps  with¬ 
out  the  knowledge  of  whether  the  position  was  for  a  developing  or  a 
non-developing  system. 

This  method  Is  crude,  since  there  Is  no  consistent  and  detailed 
wind  Ini  orm.it  Ion  around  lost  systems  and  best  estimates  had  to  be  made. 

The  values  an  also  biased  great Iv  bv  whether  or  not  the  operational  analyst 

drew  either  an  upper  level  anticyclone  or  a  low  level  cyclone  over  the 
system.  Despite  these  drawbacks  the  method  snows  some  predictive  skill. 

Wind  values  at  all  different  time  periods  for  a  particular  system 
were  averaged  together  to  yield  one  value  per  system.  From  the 
resultant  numbers  three  parameters  were  extracted:  (1)  a  value  of 
All  +  AV,  following  the  same  convention  as  used  In  the  Atlantic,  (11) 
the  existence  of  a  zero  line  In  the  vertical  shear  of  the  zonal  wind, 
and  (111)  the  existence  of  a  zero  line  In  the  vertical  shear  of  the 
meridional  wind.  The  actual  values  of  each  parameter  for  each  svstem 
are  listed  In  the  Append! x  A,  Tables  A!  and  A2. 
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The  results  ire  summarized  in  Table  9.  Both  the  values  of  AU  4- 
\V  and  the  percentage  ot  systems  with  zero  lines  are  significantly 
greater  for  the  developing  systems. 

The  systems  which  had  high  values  of  All  4-  AV  were  usually  the  same 
systems  that  had  zero  lines.  Using  the  criteria  that  to  develop  into  a 
typhoon  a  system  must  have  zero  lines  in  both  zonal  and  meridional 
shear,  the  data  give  10  out  of  18  (56?.)  correct  answers  for  the  develop¬ 
ing  systems  and  25  correct  out  of  31  (Rl">  for  the  non-developing. 

Using  the  criteria  that  a  system  must  have  a  mean  value  of  AU  4  AV 
greater  than  40  knots  gives  11  correct  developing  systems  (hi")  versus 
22  correct  (71')  non-developers. 

Using  the  criteria  that  2  out  of  the  '  conditions,  zero  lino  in 
zonal  shear,  zero  line  in  meridional  shear  and  'U  +  'V  greater  than 
40  knots,  he  met  yields  11  correct  developing  systems  (61"''  and  21 
correct  non-developing  predictions  (68"). 

These  results  are  not  as  good  as  were  obtained  in  the  previous 
sections  for  the  Atlantic,  hut  they  are  very  encouraging  when  the  oruditv 
of  the  approach  and  the  poor  quality  of  the  Pacific  win.'  data  are  taken 
into  account. 

In  tiie  Atlantic  only  vertical  shear  data  were  available,  but  in 
the  Pacific  separate  wind  values  were  used  t rom  each  level.  This  allows 

TABU'  n 

Mean  properties  of  the  vertical  sheat  (knots)  tor  the  VaeUtc  pretvphoon 
and  non-developing,  cloud  clusters.  U  i  \V  I..  proper  t  i .  na !  to  ,  ,,  , 
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the  opportunity  to  evaluate  the  magnitude  of  the  separate  contribution 
from  each  level,  upper  and  lower,  to  T  +  AV .  1'  and  V  values  ot  the 

wind  added  together  with  the  appropriate  signs  give  a  contribution  t o 
Al'  +  AV  at  the  surface  of  16  knots  (developing)  versus  10  knots  (non¬ 
developing).  At  200  mb  the  contribution  is  29  knots  (developing)  versus 
15  knots  (non-developing).  This  is  tabulated  in  Table  10  The  table 
shows  that  both  the  upper  level  and  the  lower  level  make  important  con¬ 
tributions  to  the  observed  differences  in  vertical  shear  between  devel 
oping  and  non-developing  weather  system. 
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Discuss  ion  ■  There  can  be  no  doubt  t!..;  n  .;e  .rale  uppei  level 
antleyolonic  flow  and  low  level  cyclonic  flow  exist  over  the  area  o! 
the  disturbance  well  before  the  time  at  which  it  becomes  a  tropical 
cyclone.  This  has  particular  significance  in  the  upper  levels  because 
much  previous  research  on  tropical  cvclone  structure  and  development 
have  made  either  the  explicit  or  implicit  assumption  that  the  large 
upper  level  negative  tangential  winds  around  the  system  are  the  tesult  o 
the  Coriolis  force  acting  on  the  outflowing  air.  This  is  tvplcallv  not 
the  case.  In  the  earlv  stages  ol  cyclone  development  the  surrounding 


38 


region  200  mb  anticyelonic  flow  is  the  result  of  already  existing  mid¬ 
latitude  westerlies  to  the  north,  equatorial  easterlies  to  the  south 
and/or  large  scale  upper  level  troughs  to  the  northwest.  The  source 
of  the  anticyelonic  flow  is  thus  external  rather  than  internal  to  the 
developing  system. 

The  main  distinguishing  feature  of  cyclone  genesis  is  a  favorable 
upper  and  lower  level  environmental  relative  vorticity  or  tangential 
wind  fields,  all  other  parameters  indicate  much  less  differences.  This 
has  not  received  the  previous  emphasis  that  it  should  have,  'lost 
authors  in  the  past  have  emphasized  the  divergence  or  Vertical  motion 
field.  Ramage  (1974)  and  Sadler  (1976,  1978)  have  stressed  the  impor¬ 
tance  of  upper  level  outflow  channels  for  cyclone  development  to  occur. 
The  current  study  interprets  those  anticyelonic  outflow  channels  as 
indicators  of  strong  surrounding  region  anticyelonic  flow  and  not  neces¬ 
sarily  that  of  an  enhanced  in  and  out  radial  circulation. 

A  picture  is  emerging  from  both  the  composite  u.ita  and  the  indivi¬ 
dual  case  data  that  tropical  storm  development  is  a  result  of  large 
scale  influences.  It  appears  that  the  unique  feature  to  specifying  time 
and  location  of  tropical  cyclone  genesis  is  not  so  much  the  characteris¬ 
tic  of  the  individual  meso-scale  system  itself.  These  systems  are 
common  and  occur  in  all  seasons  and  at  most  locations.  Once  the  clima¬ 
tological  conditions  of  genesis  are  met,  it  appears  that  favorable  large 
scale  changes  in  the  tropical  general  circulation  are  the  primary 
factors  determining  whether  the  often  present  individual  organized  meso- 
scale  systems  will  intensify  or  not.  It  appears  that  genesis  occurs 
when  in  organized  tropica]  cloud  cluster  forms  or  moves  into  n  favorable 
large-scale  environment.  In  particular,  both  lev  level  positive  relative 


vorticlty  and  upper  level  negative  relative  vorticlty  over  a  very  large 
surrounding  area  must  be  present. 

These  results  Indicate  that  a  realistic  theory  of  tropical  cyclone 
genesis  and  development  must  give  primary  consideration  to  the  influence 
of  the  tropical  system's  surrounding  flow  patterns  and  much  less  con¬ 
sideration  to  the  characteristics  of  the  disturbance  itself.  This  may 
explain  the  large  time  clustering  of  tropical  cyclones. 

These  large  scale  general  circulation  changes  of  the  tropics  are 
likely  related  to  the  strengthening  and  weakening  of  the  1TC7.  in  associa¬ 
tion  with  the  equatorial  penetration  of  middle-latitude  baroclinic  pat¬ 
terns  from  both  hemispheres.  The  association  of  these  large  tropical 
general  circulation  changes  with  tropical  cyclone  activity  needs  more 
documentation . 


4.  TROPICAL  CYCLONE!  INTENSITY  CHANCE 


Most  current  theoretical  and  numerical  models  of  tropical  cyclones 
show  the  rate  of  the  cyclone's  intensity  change  being  dependent  on  the 
strength  of  the  vertical  motion  field  and  therefore  on  the  strength  of 
the  low  level  mass  inflow  and  upper  level  mass  outflow. 

There  are  now,  however,  several  sets  of  observations  available  that 
indicate  that  the  strength  of  the  disturbance  or  cyclone's  vertical 
motion  fields  is  not  related  to  its  genesis  or  intensification  potential. 

Figure  15  shows  vertical  profiles  of  vertical  velocity  averaged  over 
the  0-4°  area  for  Pacific  composite  data  sets  D1  to  D4.  D1  is  for  the 
cloud  cluster,  D2  for  depression  stage,  D3  for  tropical  storm  stage 
and  D4  for  typhoon  stage.  Figure  16  shows  the  same  data  for  the  Atlantic 
systems.  In  both  oceans,  the  upward  vertical  velocity  actually  decreases 
prior  to  the  intensification  to  tropical  cyclone  stage.  Thus,  in  both 
oceans,  the  maximum  vertical  velocity  in  stage  D2  is  less  than  that  in 
stage  Dl.  This  phenomenon  was  observed  by  Arnold  (1977)  in  a  study  of  the 
amount  of  convection  around  individual  developing  tropical  weather  systems 
using  Defense  Military  Satellite  program  (DMSP)  data.  Arnold  had  four 
stages  of  development  for  Pacific  typhoons,  stage  I  being  the  cloud 
cluster  and  stage  IV  the  typhoon.  He  considered  three  quantitative  mea¬ 
sures  of  the  amount  of  cloudiness  or  upward  vertical  motion:  the  per¬ 
centage  area  of  visible  deep  convective  cells,  the  percentage  area  of 
cirrus  at  an  infrared  temperature  of  less  than  -50°C,  and  the  percentage 
area  of  cirrus  with  temperature  less  than  -63°C.  For  all  three  fields 
he  found  a  decrease  in  the  amount  of  cloudiness  from  stage  I  to  stage  II. 
His  results  are  shown  in  Table  11 . 
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Fig.  15. 
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Vertical  velocity  averaged  over  the  0-4°  area  for  Pacific 
composite  data  sets  Ill  to  P4. 


ATLANTIC 
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VERTICAL  VELOCITY  (mb/doy) 

Vertical  velocity  averaged  over  the  0-4°  area  for  Atlantic 
composite  data  sets  Pt  to  P4. 
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TABLE  11 

Percentage  of  area  covered  by  convective  and  cirrus  clouds  within  the 
R  -  0-4.2  region  around  tropical  storms  at  different  stages  of  develop¬ 
ment  (adapted  from  Arnold,  1977). 


I 

II 

III 

IV 

Cloud 

Cluster 

Depression 

Tropical 

Storm 

Typhoon 

Area  of  visible  deep 
convective  cells 

3.2 

2.1 

2.2 

4.5 

Area  of  cirrus,  T  <  -50°C 

49.9 

46.9 

47.5 

oc 

Area  of  cirrus,  T  <  -63°C 

16.1 

10.7 

13.2 

32.8 

Arnold  (1977)  also  studied  the  variability  of  individual  time 
period  penetrative  convection  and  cirrus  cloudiness  both  of  which  are 
closely  related  to  upper  level  vertical  motion.  He  found  that  between 
different  weather  systems  and  at  different  times  within  the  same  svstem 
there  is  a  variation  in  cloudiness  of  at  least  the  same  size  as  the  mean 
cloudiness.  This  variability  exists  in  all  stages  of  development. 

Figure  17  reproduced  from  Arnold's  paper  shows  the  individual  values  of 
percentage  area  of  cirrus  at  a  temperature  less  than  -50°C  for  all  the 
separate  storms  studied.  The  variability  is  so  great  that  it  renders 
meaningless  any  comparison  of  cloudiness  or  vertical  motion  between 
developing  and  non-developing  systems.  S.  Erickson  (1977)  using  the 
same  techniques  as  Arnold  compared  developing  versus  non-developing 
Western  Pacific  cloud  clusters.  The  variations  between  different 
systems  within  each  sample  are  orders  of  magnitude  greater  than  the 
difference  between  the  means  of  the  two  samples.  In  addition  it  is  ob¬ 
served  that  Atlantic  prehurrica''  depressions  have  less  vertical  motion 
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Fig. 17  a-d.  Percent  area  of  cirrus  (T  <  -50°C)  within  the  R  »  0-4.2° 
region  of  different  storms.  The  order  of  the  cases  is 
random  (from  Arnold,  1977).  (a)  Developing  cluster  (stage 

I);  (b)  Tropicat  depression  (stage  II);  (c)  Tropical 
storm  (stage  III);  (d)  Typhoon  (stage  IV).  Dashed  lines 
above  and  below  the  mean  show  the  mean  positive  and  nega¬ 
tive  deviations  respectively. 
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Fig.  17.  Continued. 
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than  non-deve loping  depressions.  These  observations  make  a  forceful  case 
for  the  argument  that  the  potential  of  a  disturbance  for  development 
is  not  directly  related  to  the  magnitude  of  the  vertical  motion  field. 

Within  4l  radius  of  these  various  cyclone  classes,  it  is  observed 
that  the  mean  vorticitv  increases  about  five  times  from  stage  111  to  D4. 
but  the  mean  vertical  motion  increases  only  by  l'j  times  or  less.  A 
comparison  of  the  radial  wind  (Y  )  flowing  into  filling  and  deepening 
Pacific  storms  shows  that  at  lower  levels,  the  filling  systems  have 
greater  Inflow. 

Eighteen  of  our  tropical  cyclone  data  sets  have  been  divided  into 
two  groups:  a)  deepening  cyclones  and  b)  filling  or  steady  cyclones. 
Table  12  compares  the  average  inflow  angle,  integrated  from  the  surface 
to  850  mb,  of  the  deepening  vs.  the  filling  or  steady  systems.  Little 
difference  is  found.  What  difference  there  is  indicates  that  the  fill¬ 
ing  systems  have  slightly  larger  Inflow. 

Budgets  of  Moist  Static  Energy.  All  tropical  disturbances  import 
total  moist  static  energy  (h) ^  at  lower  levels  and  export  it  at  the 
upper  levels.  There  is  a  loss  of  energy  due  to  radiation  and  a  sub¬ 
stantial  energy  gain  due  to  a  flux  from  the  surface.  When  integrated 
through  the  whole  troposphere  it  is  found  that  the  net  result  is  an 
export  of  h  as  illustrated  in  Table  13.  This  means  that,  other  con¬ 
ditions  remaining  the  same,  if  the  radial  circulation  through  the  sys¬ 
tem  is  reduced,  then  the  system  will  accumulate  energy  and  intensify. 
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TABLE  12 


Inf low  angle  Integrated  from  the  surface  to  850  mb  for  different  radii 


of  deepening  vs. 

Data  Sets 

filling  or  steady 

2° 

systems. 

Rad  ins 

4° 

Area  Weighted 

0-6° 

Deepening 

5.8° 

11.3° 

10.7° 

Filling  or  Steady 

10.3° 

12.3° 

11.4° 

We  may  thus  better  understand  the  findings  of  the  previous  section. 
Genesis  (D1  *  D2)  takes  place  when  the  radial  circulation  is  decreased 
and  the  system  accumulates  energy.  Since  the  time  scale  for  a  spin- 
down  of  these  systems  is  of  the  order  of  a  couple  of  days,  surface  energy 
fluxes  are  not  much  affected  by  a  decrease  in  the  radial  wind.  Once  the 
system  has  started  to  intensify,  a  larger  radial  circulation  can  be 
maintained  for  a  storm  at  equilibrium.  However,  if  the  new  radial 
circulation  is  smaller  than  what  is  demanded  by  equilibrium,  the  svsten 
can  keep  accumulating  energy  and  intensifying. 

Wind-pressure  Balance.  The  ratio  of  the  wind  to  pressure  gradient 
acceleration  lias  been  calculated  using  the  gradient  wind  equation. 
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where  the  normal  symbols  are  used. 
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Eighteen  data  sets  were  divided  into  deepening  vs.  filline  or  steadv 
systems.  The  terms  of  Eq .  (4.1)  were  area  weighted  and  averaged  from  3C 
to  11°  radius.  The  ratio  of  wind  to  pressure  acceleration  was  calculated 
in  the  upper  and  lower  troposphere  and  then  averaged.  'Hie  results  are 
shown  in  Table  14.  In  the  lower  level  the  deepening  systems  show  super¬ 
gradient  wind  while  the  filling  or  steady  systems  indicate  sub-gradient 
winds.  At  the  upper  level,  both  systems  have  subgradient  winds.  Tht 
deepening  systems  however  indicate  less  subgradient  winds.  Similar 
results  are  obtained  for  calculations  between  5-9'  radius  and  7—1 lv 
radius . 

Supergradient  or  less  subgradient  winds  would  result  in  a  decrease 

in  the  radial  circulation  through  the  system  as  Fig.  IS  illustrates  for 

the  lower  troposphere.  Given  a  gradient  balance  wind  V  ,  if  it  becomes 

o 

supergradient  by  an  amount  s,  then  an  outward  acceleration  a  would  result. 

TABLE  14 

Ratio  of  the  wind  to  pressure  gradient  accelerations  for  the  deepening 
and  filling  or  steady  data  sets  area  weighted  from  V  to  11°. 


Deepening 

Filling  or  Steady 

Pi f  ference 

200 

mb 

0.74 

0.64 

16  ?: 

900 

mb 

1.14 

0.86 

33% 

Mechanism  for  Supergradient  Winds.  An  obvious  question  is:  what 
type  of  mechanism  would  produce  an  inert ase  in  the  winds  to  make  them 
supergradient  or  less  subgradient?  It  is  hypothesized  that  they  could 
be  brought  about  by  Gb  up-and-downdraf ts  existing  in  a  sheared  environment. 

Downdrafts  spread  out  in  the  boundary  layer  and  act  to  produce  wind 
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increases  not  related  to  the  cyclone's  large-scale  convergence.  Moncrieff 
and  Miller  (1976)  and  Moncrieff  and  Green  (1972)  have  shown  that  Cb 
clouds  existing  in  a  sheared  environment  can  produce  wind  accelerations 
in  the  upper  and  lower  troposphere.  The  active  convection  existing 
in  the  strong  squall-lines  of  spiral  bands  would  certainly  fulfill  the 
requirements  to  bring  about  increased  winds  at  upper  and  lower  levels 
and  ceuse  lower  level  supergradient  winds.  Our  many  kinetic  energy 
budgets  for  the  various  classes  of  tropical  cyclones  are  showing  large 
residuals  which  we  can  balance  only  by  assuming  that  the  deep  convective 
elements  are  acting  to  increase  the  kinetic  energy.  This  residual  is  of 
comparable  magnitude  to  the  generation  by  the  mean  flow,  -  V-V<t>.  It  is 
thought  that  this  sub-grid  scale  kinetic  energy  generation  is  accomplished 
by  Cb  clouds  existing  in  a  strongly  sheared  environment  in  a  fashion 
akin  to  that  hypothesized  by  the  above  authors. 

Angular  Momentum.  All  of  our  systems  show  a  large  export  of  nega¬ 
tive  angular  momentum  at  the  upper  levels  (from  McBride,  1979)  as  Fig.  19 
illustrates  for  the  hurricane.  This  is  equivalent  to  a  large  import 
of  positive  angular  momentum.  This  import  is  much  stronger  for  develop¬ 
ing  than  for  non-developing  disturbances. 

From  an  angular  momentum  point  of  view,  these  systems  are  maintained 
against  frictional  losses  at  the  surface  largely  by  upper  level  inward 
eddy  transport.  A  large  radial  circulation  is  consequently  not  needed  to 
maintain  them. 

Figures  20  and  21  show  how  inward  angular  momentum  transport  at 
large  radii  can  be  accomplished  through  horizontal  standing  eddy  pro¬ 
cesses  due  to  large  asymmetries  in  the  outflow  layer  indicated  (from 
Nunez  and  Gray,  1977). 
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HURRICANE 


m/sec  m/sec  °lat 

Fig.  19.  Total  horizontal  flux  of  relative  angular  momentum  tCrV^.r) 
and  flux  by  the  mean  circulation  (Vf  r)  at  6°  radius  for 
the  hurricane. 

Discussion.  Tropical  cyclone  forecasters  generally  agree  that 
skill  at  operational  forecasting  of  tropical  cyclone  Intensity  change 
is  nearly  zero.  Our  results  are  showing  that  kinetic  energy  export  In 
the  upper  troposphere  out  of  the  cyclones  on  their  poleward  side  Is  a 
major  characteristic  of  their  fllling-lntensilying  process.  Outward 
kinetic  energy  transport  at  200  mb  is  4-6  times  greater  for  filling 
cyclones  than  for  growing  ones.  It  is  from  2-3  times  larger  when 
comparison  is  made  of  the  filling  and  steady-state  cyclones.  We 
believe  there  is  a  skill  to  bo  derived  in  intensity  forecasting  change 
if  the  upper  tropospheric  (■v  200  mb)  flow  patterns  to  the  poleward  side 
of  the  cyclone  can  be  continuously  monitored  with  the  geo-stat ionav" 
satellite.  Before  quantitative  forecasting  rules  for  intensity  change 


can  be  confidently  established,  much  statistical  background  work  and 
study  has  to  be  accomplished.  Not  only  for  the  average  cases  of  growing , 
steady,  and  filling  storms  must  such  relationships  be  found,  but  also 
for  the  individual  case  situations.  We  propose  that  the  900  mb  and  100  mb 
weather  maps  at  individual  times  can  be  used  to  better  forecast  tropical 
cyclone  intensity  change.  It  appears  that  there  exists  meaningful  rela¬ 
tionships  between  the  large-scale  upper  tropospheric  outflow  of  the 
tropical  cyclone  and  its  inner  region  tangential  winds. 
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5.  FORECASTING  TROPICAL  CYCLONE  TURNING  MOTION 

The  largest  track  forecast  errors  for  tropical  cyclones  are  usually 
associated  with  cyclones  undergoing  a  turn.  To  examine  this  forecast 
problem  more  closely  we  have  made  a  special  study  of  tropical  cvclones 
occurring  in  the  West  Indies  during  the  period  1961-1977  that  underwent 
a  left  or  right  turn  or  moved  relatively  straight  for  a  period  of  at 
least  48  hours.  The  forecast  errors  made  around  the  time  when  the 
storm  began  to  turn  (hereafter  referred  to  as  the  turn  time  T)  were 
analyzed.  Table  15  gives  the  average  24-hour  official  forecast  errors 
issued  by  the  National  Hurricane  Center  (NHC)  for  these  storms  at  three 
time  periods:  24  hours  before  turn  time  (T-24) ,  the  turn  time  (T) ,  and 
24  hours  after  turn  time  (T+24) .  It  can  be  seen  that  for  either  a  lett¬ 
er  right-turning  storm,  there  is  a  large  jump  in  the  forecast  errors 
made  at  the  turn  time  compared  vv’ith  those  made  before  and  after  t'-e  turn 
or  for  straight-moving  cyclones.  The  forecast  errors  are  even  larger 
for  16  of  the  22  right  turn  cases.  Tor  these  cases  the  average  24  hour 
forecast  error  nearly  tripled,  jumping  from  80  n  mi  hefore  the  turn  to 
225  n  mi  at  turn  time. 

Figure  22  shows  the  scatter  of  24-hour  forecast  positions  made  at 
turn  time  and  the  corresponding  verifying  positions  for  each  turn  class. 
The  forecast  positions  for  right-turning  storms  are  nearly  always  to  the 
left  of  the  actual  storm  track  while  the  reverse  is  true  tor  lett-turn<ng 
storms.  Forecast  positions  tend  to  cluster  around  the  extrapolated 
position  of  the  storm  on  its  current  path.  The  strong  bias  based  on 
persistence  is  evident.  For  straight-moving  storms,  there  is  a  tendency 
to  forecast  the  future  position  slightly  to  the  right  of  the  actual 
track,  a  likely  indication  of  a  slight  cl imatologi cal  bias.  it  apnears 
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TABLE  15 

Average  24-hour  official  tropical  cyclone  track  forecast  errors  (n  mi) 
issued  by  the  National  Hurricane  Center,  Miami.  T  is  the  time  when  the 
storm  starts  to  turn.  See  Section  5.1  for  description  of  T  for  a 


straight-moving  storm, 
at  T  greater  than  100  n 

Turn  Classification 

Special 
ml . 

right  turn  cases  have  forecast  errors 

24  hour  forecast  error  (n  mi)  lor  fore¬ 
casts  issued  at  the  following  times 

T-24 

1 

T+24 

Left  Turn  (10  Cases) 

127 

156 

111 

Straight  (23  Cases) 

80 

91 

106 

Right  Turn  (22  Cases) 

96 

175 

129 

Special  Right  Turn  (16 

Cases) 

80 

225 

132 

that  there  is  a  deficiency  in  the  skill  of  forecasting  turning  motion. 
This  is  probably  a  result  of  insufficient  observational  knowledge  of  the 
characteristics  of  the  cyclone's  surrounding  environmental  flow  pattern, 
and/or  a  reluctance  of  the  forecaster  to  commit  himself  to  a  forecast 
very  different  from  the  climatology-persistence  techniques  which  usually 
verify  well. 

This  paper  presents  information  on  the  environmental  flow  patterns 
around  turning  and  straight-moving  tropical  cyclones  prior  to  an'  at 
turn  time.  It  will  be  shown  that  there  are  significant  differences  in 
the  large-scale  surrounding  wind  fields  at  500  mb,  and  also  at  upper 
(200  mb)  and  lower  tropospheric  (900  mb)  levels  for  these  turn  classes. 
Temperature  sounding  data  from  the  Nimbus-6  Scanning  Microwave  Spectro¬ 
meter  provide  further  evidence  of  these  differences.  It  is  anticipated 
that  knowledge  ol  surrounding  flow  patterns  may  improve  the  skill 
in  turning  motion  forecasting. 
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5.1  Composite  Data 

Because  of  the  scarcity  of  oceanic  rnwinsonde  data,  representative 
information  on  the  characteristics  of  tropical  systems  is  usually  not 
available  for  individual  situations.  To  overcome  this  problem  a  ra\.' in¬ 
sonde  compositing  approach  has  been  used  in  which  data  from  storm  svs- 
tens  having  similar  characteristics  are  averaged  together.  The  ration¬ 
ale  behind  this  type  of  data  compositing  has  been  discussed  in  a  number 
of  recent  papers  (Williams  and  Gray,  1973;  Frank,  1977a;  and  others). 

This  study  composites  tropical  cyclones  according  to  the  different  turn¬ 
ing  classifications. 

Composited  data  samples  enable  reliable  quantitative  analyses  to  be 
made,  and  allow  meaningful  conclusions  to  be  drawn  about  the  "average' 
differences  in  the  surrounding  environment  between  different  data  sets. 
Compositing  tends  to  suppress  random  data  noise  and  isolate  the  mean 
characteristics  common  to  each  composite  class.  Differences  between 
turning  classes  (if  present)  will  give  hints  to  forecasters  as  to  which 
surrounding  cyclone  parameters  to  monitor  in  individual  cases.  One  can 
usually  find  meaningful  relationships  in  data  deficient  individual  case 
situations  much  easier  if  one  knows  what  to  look  for. 

This  study  investigates  tropical  cyclone  turning  motion  which 
occurred  within  the  West  Indies  rawinsonde  network  (see  Fig.  23)  during 
1961-1977.  Cyclones  which  underwent  a  left  or  right  turn  or  moved 
relatively  straight  for  a  period  of  at  least  48  hours  wore  selected, 
giving  a  total  of  16  left-turn,  36  straight-moving  and  29  right-turn 
cases.  The  tracks  for  these  cyclone  turn  classes  are  shown  in  Figs.  24, 
25  and  26.  For  each  turn  cl  ass i f i cat  ion .  the  following  time  periods  were 
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23.  Northwest  Atlantic  rawinsonde  data  networl 


Iracr.s  of  tropical  cyclones  used  in  this  study  which  made  a  Jeft  turn.  The  asterisk  on  each  track 
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composited:  time  when  the  storm  starts  to  turn  (turn  time,  T) ,  and  12, 

24,  and  36  hours  before  turn  time  (T-12,  T-24  and  T-36  resnect ively , 
see  Fig.  27).  These  time  periods  correspond  to  002  and  12 7.  best  track 
positions  issued  by  the  NHC  from  storm  track  post-analvsis .  The  T 
designation  for  a  straight-moving  storm  is  the  intermediate  time  before 
and  after  which  the  storm  moved  relatively  straight  for  a  period  of  24 
hours.  If  a  storm  starts  to  turn  between  two  standard  time  periods  (002 
and  12Z) ,  the  nearest  time  period  before  turn  is  taken  to  be  the  turn 
time.  For  example,  00Z  will  be  the  turn  time  for  a  storm  which  starts 
to  turn  at  06Z. 


RIGHT  TURN 

straight 

LEFT  TURN 


Fig.  27.  Idealized  picture  of  the  three  turn  classes  of  tropica! 

cyclones  and  of  the  time  periods  prior  to  turn  which  were 
composited . 
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Compositing  is  performed  on  a  15°  latitude  radius'  cylindrical 
grid  consisting  of  eight  octants  and  eight  radial  hands,  as  shown  in 
fig.  28.  The  center  of  the  grid  corresponds  to  the  storm  center.  The 
grid  is  rotated  so  that  Octant  1  is  aligned  along  the  direction  of 
storm  motion  (see  Fig.  28).  See  George  and  Gray  (1976)  for  a  more  de¬ 
tailed  description  of  this  coordinate  system. 

'.‘ach  wind  vector  is  resolved  into  two  components,  one  parallel  to 
the  direction  of  storm  motion  (V^)  and  one  normal  to  It  (Y^) ,  as  shovn 
In  Fig.  29.  All  wind  observations  falling  within  a  particular  octant 
and  radial  band  are  averaged  to  give  the  composite  Vp  and  V  within 
that  sector.  The  averaging  processes  are  described  in  greater  detail 
by  Frank  (I9  7?a). 

5.2  Surrounding  Flow  at  Turn  Time 

lhe  motion  of  tropical  cyclones  scorns  to  he  best  related  to  mid- 
troposphcrlc  flow  patterns.  George  and  Gray  (1976)  in  a  composite  studv 
ot  tropical  cyclones  stratified  according  to  direction  of  storm  motion, 
intensity,  etc.  found  that  500  mb  Is  the  best  steering  level  for  direction 
and  700  mb  Is  the  best  for  cyclone  speed.  To  better  rot  inc  our  knowledge 
of  the  steering  I  low  associated  with  cyclones  undergoing  turning  mot  Ion, 
we  have  studied  the  composite  I  low  fields  at  l»00  mb,  700  mb,  300  mb,  and 
200  mb  at  turn  t imo  for  the  three  turn  classes.  Although  5(H)  mb  is  lound 
to  he  the  best  steering  level,  I  low  I  folds  at  the  upper  (200  mb)  and  lower 
('>00  mb)  tropospheric  levels  also  appear  quite  useful.  flic  component 
ot  the  wind  normal  to  the  direction  of  storm  motion  (or  V  )  appears  to 
correlate  best  with  turning  motion  at  torn  time. 


Hereafter,  all  distances  are  ret  erred  to  in  degrees  latitude. 


Orid  used  for  compositing  rawtnsonde  data.  The  nr  row  poin 
in  the  direction  ot  storm  motion.  Outer  numbers  denote 
octants.  Numbers  Inside  p,rid  indicate  distances  from  the 
renter  tn  decrees  1st  itude. 


VP 


STORM  MOTION  SYSTEM 

MOTION  COMPONENT  VECTORS 

VECTOR 

Parallel  fVpl  and  perpend  i  eul  at  i.V^>  eomponents  ot  .1  wind 
vector  showing  (belt  tel.tl  ton  to  the  storm  motion  vector. 


Flow  field  at  500  mb.  Figure  10  shows  the  composited  500  mb  flow 

fields  at  turn  time  for  the  three  turning  classes.  These  streamline 

patterns  clearly  verify  the  middle  level  steering  flow  concept. 

To  describe  this  in  more  quantitative  terms,  the  components 

of  the  wind  at  500  mb  in  the  front  and  back  octants  are  shown  in  Fig.  31. 

The  number  next  to  each  arrow  indicates  the  magnitude  of  the  V  component 

N 

in  m  s  within  radii  5°  to  ll1-.  Taking  a  weighted  average  of  V  in  the 

N 

front  three  and  back  three  octants  (V  in  octants  1  (front)  and  5  (back) 
are  given  a  weight  of  one  and  those  in  the  right  and  left  octants  a 
weight  of  0.5),  and  subtracting  the  back  octant  average  from  the  front 
octant  average,  we  obtain  the  V  shear  values  shown  at  the  bottom  of  the 
figure.  These  front  to  back  shear  differences  correlate  well  with 
turning  motion  at  turn  time. 

U’ft h  tl'.e  present  and  increasingly  limited  oceanic  middle  level 
observation  network,  such  500  mb  level  Information  would  be  regularly 
available  only  if  special  reconnaissance  flights  arc  made  around  storms  at 
these  outer  radii.  Since  upper  and  lower  tropospheric  wind  data  are 
becoming  more  available  with  time  from  satellite  and  let  aircraft  obser¬ 
vations  it  would  be  more  useful  to  establish  (if  possible)  steering  flow 
relationships  at  these  levels. 

Upper  and  Lower  Tropospheric  Flow.  The  5-11°  radius  average  of  tin- 

front  and  back  octants  V  (200  mb)  and  V„  (000  mb)  for  tin-  three  turn 

N  N 

classes  at  turn  time  is  shown  in  Fig.  32.  About  the  same  magnitude 
tront  minus  back  V,,  shear  differences  are  found  tor  tin-  t  urn  classes  as 
those  found  for  500  mb.  It  should  thus  he  possible  to  use  the  average 
200  mb  and  900  mb  winds  to  infer  turning  motion  of  tropical  cyclones  at 


turn  lime. 
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and  solid  arrows  the  movement  of  the  storm  during  the  next  12  hours. 


5.3  Surrounding  Flow  Before  Turn  Time 

A  study  of  the  composite  V  flow  fields  24  or  36  hours  before  turn 
time  at  various  levels  reveals  no  significant  differences  between  the 
turn  classes.  This  is  to  be  expected  since,  by  definition,  stoms  will 
still  be  moving  straight.  The  Vp  component  of  the  wind  at  500  mb  and 
the  upper  (200  mb)  and  lower  (900  mb)  troposphere,  however,  shows  Im¬ 
portant  relationships  with  cyclone  turning  motion  24-36  hours  before  It 
takes  place. 

500  mb  Flow.  The  Vp  component  of  the  winds  (parallel  to  the  direr 

tion  of  storm  motion)  at  500  mb  in  the  front  left  (2),  back  left  (4), 

back  right  (6),  and  front  right  (8)  octants  are  found  to  best  correlate 

with  turning  motion  24  to  36  hours  before  turn  time.  These  components 

are  shown  in  Fig.  33.  At  24  hours  before  turn  time  (T-24) ,  there  exist 

at  the  front  of  the  storm  a  strong  cyclonic  shear  of  V  (V  (right)  - 

Vp(left))  for  the  left-turning  storms.  This  shear  is  denoted  bv 

AVp/An,  where  An  represents  the  distance  between  octants  2  and  .S  or  4 

and  6.  This  front  Vp  shear  is  about  2ero  for  the  other  two  turn  classc 

Behind  the  cyclone,  the  right  minus  left  V  shear  is  cyclonic  for  all 

three  classes.  The  magnitude  of  this  Vp  shear  is  largest  for  right 

turning  storms.  Subtracting  the  V  right  minus  left  shear  behind  the 

storm  from  that  in  front  of  the  storm,  [(V  -V  /An)  -  (V  -V  /An)] 

8*2  6  4 

where  the  subscripts  denote  octant  numbers,  we  obtain  a  front  minus  hoc 
Vp  shear  which  might  be  used  to  identify  the  type  of  motion  a  storm  is 
going  to  take  in  24  hours:  a  positive  value  for  left-turning,  small 
negative  value  for  straight-moving  and  large  negative  value  for  right¬ 
turning  . 

At  36  hours  before  turn  time  (T-36)  a  similar  difference  in  the 


LEFT  STRAIGHT  RIGHT 


for  che  three  turn  classes  at  24  0-24)  and  16  (T-36)  hours  before  turn  time.  The  heavy  arrow 
indicates  the  direction  of  storm  notion.  See  text  for  description  of  calculating  the  front  and 
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front  minus  back  Vp  shear  exists  between  the  three  turn  classes,  as 
indicated  in  the  lower  half  of  Fig.  33.  Notice  that  the  front  minus 
back  Vj,  shear  for  straight-moving  storms  at  T-36  is  the  same  as  that 
for  left-turning  storms  at  T-24.  This  appears  to  reduce  the  distinguish¬ 
ing  power  of  this  shear  to  forecast  turning.  However,  given  the  current 
low  skill  of  forecasting  turning  motion,  this  500  mb  shear  information 
may  still  be  useful. 

If  aircraft  reconnaissance  flights  were  available  to  better  measure 
these  middle  level  outer  radius  shear  patterns,  then  an  improvement  in 
forecasting  turning  motion  might  result.  Such  aircraft  reconnaissance 
requires  special  prop  aircraft  capability  and  will  likely  he  unavailable 
in  many  or  most  cyclone  forecast  situations.  By  contrast,  satellite- 
derived  winds  in  the  upper  and  lower  troposphere  should  be  available 
in  most  forecast  situations. 

Upper  and  Lower  Tropospheric  Flow.  The  components  of  the  200  mb  and 
900  mb  vertical  wind  shear  parallel  to  the  direction  of  storm  motion  24 
to  36  hours  before  turn  time  are  significantly  different  between  the 
three  turn  categories. 

Figure  34  shows  the  average  Vp  wind  within  7°  to  11°  radius  iron 
the  storm  center  in  octants  1  (front)  and  5  (back)  at  200  mb  and  °00  mb 
24  hours  before  the  turn  time  (T-24).  In  front  of  the  storm,  right¬ 
turning  cyclones  show  a  large  negative  wind  shear  between  these  two 
levels  (V_(200  mb)-Vp(900  mb))  while  both  left-turning  and  straight- 
moving  storms  have  positive  wind  shear  values.  Behind  the  storm,  the 
vertical  wind  shear  is  negative  for  straight-moving  storms  and  slightly 
positive  for  the  other  two  turn  classes.  If  we  add  the  front  and  back 
wind  shear  values,  we  obtain  net  vertical  wind  shears  in  the  direction 


of  storm  motion  of  13,  -1,  and  -10  ms1  for  left,  straight,  and  right- 
moving  cyclones,  respectively.  The  same  shear  values  at  T-36  are  7,  -1, 
and  -20  m  s  ^  (see  Fig.  35).  Thus,  for  left-turning  storms  the  net 
vertical  wind  shear  in  the  direction  of  storm  motion  in  octants  1  (front) 
and  5  (back)  is  positive.  The  shear  is  about  zero  for  a  straight-moving 
storm  and  negative  for  a  right-turning  storm. 

Such  differences  in  tropospheric  vertical  wind  shear  between  the 
turn  classes  only  exist  24  and  36  hours  prior  to  turn  time  (see  Fig. 

36).  Shear  differences  disappear  as  the  storm  approaches  its  turn  tine. 

If  one  is  able  to  obtain  winds  in  the  unper  and  lower  troposphere 
around  a  storm  (for  example,  from  satellite  observations),  it  may  be 
possible  to  better  anticipate  cyclone  turning  motion  24-36  hours  '-'efore 
it  takes  place. 

Individual  Case  Analysis.  To  see  how  valid  the  composite  results 
are  for  individual  turning  storms,  we  also  investigated  the  V  vertical 
shear  for  individual  cases  in  the  sample.  Individual  case  analysis  is 
severely  handicapped  by  dat-  availability.  Wind  and  height  data  must 
oe  interpolated  from  analyzed  weather  maps,  Nevertheless,  an  attempt 
was  made  to  evaluate  this  vertical  shear  parameter  (Vp(200  nb)-Vp(900 
mb))  for  individual  turning  situations.  The  200  mb  winds  were  estimated 
from  the  height  contours,  using  the  geostrophic  wind  relationship.  If 
there  were  no  contour  maps  an  estimate  was  made  from  the  200  m1'  stream¬ 
line  analysis.  If  neither  was  available,  the  case  was  not  analyzed. 

The  900  mb  winds  were  estimated  from  either  the  3000’  P1BAI.  maps  or 
from  the  National  Hurricane  Center  ATOLL  (top  of  the  Fkman  Layer)  maps. 

If  neither  was  available,  an  estimate  was  made  from  surface  pressure 
maps,  again  using  the  geostrophic  wind  relationship.  These  methods 
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fig.  36.  Vertical  wind  shear  for  different  tine  periods.  The  ordinate 

is  the  value  of  the  average  vertical  wind  shear  in  m  s~l  within 
7  -11  radius  from  the  storm  center. 

restricted  the  analysis  of  the  V  vertical  wind  shear  to  only  about 
two-thirds  of  the  individual  cases  in  the  sample.  Figure  37  shows  the 
spread  of  shear  values  obtained.  Although  there  is  a  arge  spread  in 
the  vertical  wind  shear  for  each  classification  (which  is  to  be  expected 
because  of  the  inherent  data  uncertainties)  a  satisfactory  relationship 
between  the  vertical  wind  shear  and  the  turning  motion  exists  for 
most  cases.  If  we  set  threshold  values  for  the  200-900  mb  V  vertical 
wind  shear  as: 

>  5  LEFT  TURN 
-5  to  5  STRAIGHT 
<  -5  RIGHT  TURN 

it  is  found  that  64%  of  the  left  turning  storms  have  vertical  wind 
shears  greater  than  5  for  both  T-24  and  T-36  tine  periods.  For  the 
straight-moving  storms,  77%  occurred  within  the  range  at  T-36  and  75r 
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Fig.  37.  Vertical  wind  shear  at  T-24  and  T-36  title  periods  for  indivi¬ 
dual  sterns.  The  ordinate  is  the  same  as  in  Fig.  36.  Each 
cross  represents  the  wind  shear  value  from  one  storm.  Equal 
values  of  the  wind  shear  are  plotted  next  to  each  other.  The 
dashed  lines  indicate  the  threshold  values  described  in  the 
text . 


at  T-24.  87%  of  the  right-turning  storms  have  vertical  wind  shears  less 

than  -5  at  T-36  and  72%  at  T-24.  The  present  skill  in  forecasting  turn¬ 
ing  motion  is  considered  to  be  significantly  less  than  this,  as  evident 
from  the  scatter  of  forecast  points  shown  in  Fig.  22. 

Since  the  skill  in  deriving  lower  and  upper  tropospheric  winds 
from  (geostationary)  satellite  observations  is  increasing,  the  informa¬ 
tion  on  such  vertical  wind  shear  should  become  more  available  as  time 
goes  on.  One  might  then  expect' an  improvement  in  future  turning  motion 
forecasts . 


5.4 


Study  of  Satellite  Temperature  Sounding  Data 

The  vertical  wind  shear  structure  described  in  the  last  section 


should  be  related  through  the  thermal  wind  relationship  to  the  mean 
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tropospheric  temperature  gradients  across  these  storms.  An  estimate  of 
the  magnitude  of  the  temperature  gradient  can  he  obtained  from  the 
thermal  wind  equation: 


AT 

An 


if  VT 


(5.1) 


where  An  •  horizontal  distance  across  which  a  temperature  difference 
AT  Is  measured,  is  the  thermal  wind,  or  In  this  case,  Vp(200mb)-Vp 
(900mb) ,  Pj  “  900  mb,  pn  -  200  mb,  f  the  Coriolis  parameter  and  R  the 
gas  constant.  If  we  assume  f  to  be  5  x  10  \  '  (corresponding  to  20°N) 
and  An  »  18°  latitude,  then  for  a  vertical  wind  shear  of  10  ms 
AT  =  2. 2°C. 

To  investigate  the  existence  of  such  u  gradient,  temperature  sound¬ 
ing  data  from  the  Nimbus  6  Scanning  Microwave  Spectrometer  (SCAMS)  were 
examined.  Since  the  wind  shear  obtained  from  the  composite  study  Is  of 
this  order  of  magnitude,  wc  should  expect  the  sounder  data  to  snecifv 
turning  motion. 

The  Scanning  Microwave  Spectrometer.  The  Scanning  Microwave  Spectro¬ 
meter  (SCAMS)  on  board  the  Nimbus  6  polar-orbiting  satellite  Is  a  five 
channel  Instrument  sensing  radiation  nominally  at  22.235,  31.65,  52.85, 
53.85,  and  55.45  GHz  (Staelin  et  aK ,  1975a).  The  upper  three  channels 
are  used  for  sounding  the  atmosphere,  while  the  lower  two  are  used  to 
infer  vertically  integrated  atmospheric  water  vapor  and  liquid  water 
content.  The  Nlmlnis  6  spacecraft  Is  In  a  sunsynchronous  (1130  and 
2230  Local  Time)  near-polar  orbit  at  an  altitude  of  approximately  1100 
km.  The  SCAMS  Instrument  scans  across  the  spacecraft  track  In  13  stops 
at  7.2  intervals  each  16  s  which  results  in  a  spatial  resolution  of 
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145  km  near  nadir,  degrading  to  200  km  downtrack  by  360  km  crosstrack 
at  the  maximum  scan  angle.  Approximately  400  individual  soundings  can 
be  obtained  within  15l  of  the  center  of  a  tropical  cyclone  for  each  12 
hour  period. 

Tropical  Cyclones  Analyzed.  A  total  of  13  cases  (11  individual 
storms) in  botli  the  Pacific  (NE  and  N V)  and  Atlantic  Oceans  during  1975 
were  examined.  This  is  all  the  SC/VMS  information  available  to  us  at 
this  time.  The  tracks  for  these  storms  are  shown  in  Fig.  38.  The  dis¬ 
tribution  of  storms  in  each  turn  class  is  given  in  Table  16.  Satellite 
data  were  categorized  by  time  (T,  T— 12,  T-24,  T-36)  as  described  in 
section  5.1.  The  mean  1000-250  mb  temperatures  around  each  storm  for 
each  time  period  wore  derived  from  the  brightness  temperatures  (the  raw 
data  obtained  from  the  sounder)  as  described  in  Waters  et  al.  (1975). 

The  same  method  used  in  the  rawinsonde  composite  was  employed  to  obtain 
average  layer  mean  temperature  at  each  of  the  grid  points  in  Fig.  38 

for  each  storm.  To  minimize  contamination  by  prceipi tation ,  data  points 

_2 

with  integrated  liquid  water  contents  >  0.5  kjt  m  (precipi table  mm) 
were  not  used  in  the  averaging  process.  This,  according  to  Staelin 
et  al.  (1975b),  should  eliminate  most  of  the  contaminated  data. 

The  accuracy  of  atmospheric  temperatures  derived  from  satellite 
sounders  is  a  pertinent  point.  Data  from  a  microwave  sounder  were  used 
because  microwave  soundings  are  unaffected  by  non-raining  clouds 
(Staelin  o_t  aj .  ,  1975b).  The  extensive  cloudiness  near  tropical  cyclones 
precludes  the  exclusive  use  of  infrared  sounding  data.  When  the  1000- 
250  mb  layer  mean  temperature  at  a  single  spot  is  compared  with  the 
nearest  grid  point  layer  analyzed  by  the  National  Meteorological  Center 
(NMC)  the  root-mean-square  difference  is  approximately  2  k  (l.andsat/ 


tracks  of  1975  tropical  cyclones  In  various  oceans  used  in  tli 
Nimbus  6  SCAMS  temperature  sounding  study.  (a)  NW  Atlantic 
Ocean  (West  Indies);  (b)  NE  Pacific  Ocean;  (c)  NW  Pacific 
Ocean.  Track  symbols  are  the  same  as  in  Fig.  24. 
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TABLE  16 


Distribution  of  turn  cases  in  the  Atlantic  and  Pacific  Oceans  used  in 
studying  satellite  temperature  sounding  data  around  tropical  cyclones 


Ocean 

Left 

Straight 

Right 

Atlantic  (West  Indies) 

0 

2 

4 

N.W.  Pacific 

1 

1 

3 

N.E.  Pacific 

1 

1 

0 

TOTAL 

2 

4 

7 

Nimbus  Project,  1976). 

It  must  be 

remembered,  however,  that 

only  tern- 

perature  gradient  and 

not  absolute 

temperature  is  a  requirement  for  the 

wind  shear  determination.  In  addition,  each  grid  point  value 

is  an 

average  of  a  considerable  number  of  observation  points,  and  precipita¬ 
tion-contaminated  data  points  have  been  eliminated.  The  satellite- 
derived  temperature  gradients  used  in  this  study  should  therefore  be 
accurate  to  within  a  cew  tenths  kelvin  (Staelin  et  al^ . ,  1975b). 

1000-250  mb  Mean  Temperature  Fields.  For  convenience,  the  1000- 
250  mb  layer  mean  temperatures  were  analyzed  in  the  following  way.  All 
layer  mean  temperatures  at  grid  points  within  5°  to  15°  from  the  storm 
center  were  averaged  to  get  an  average  layer  mean  temperature  T.  The 
deviation  of  each  grid  point  temperature  from  T  was  calculated  (for  all 
points  in  the  grid).  These  deviations  were  used  for  the  analysis  in¬ 
stead  of  the  absolute  values.  An  example  of  the  temperature  deviation 
field  for  three  individual  cases  (one  in  each  turn  class)  is  shown  in 
Fig.  39.  This  figure  shows  the  typical  expected  difference  in  tempera¬ 
ture  structure  existing  between  a  left-turning,  straight-moving  and 
right-turning  storm  as  implied  by  the  difference  in  vertical  wind  shear 
structure  discussed  in  the  last  section.  The  left-turning  storm  shows 
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a  temperature  gradient  across  the  storm  corresponding  to  a  thermal 
wind,  or  vertical  wind  shear,  in  the  direction  ol  storm  motion  while 
the  opposite  occurs  for  the  right-turning  storm.  There  is  very  little 
temperature  gradient  for  the  straight-moving  case.  An  examination  of 
all  other  cases  seems  to  indicate  that  the  temperature  gradients  of  most 
significance  exist  in  front  of  the  storm. 

Another  important  feature  to  be  noted  is  that  such  a  temperature 
gradient  across  a  tropical  cyclone  Implies  that  the  storm  tends  to  move 
into  a  region  where  the  troposphere  is  relatively  cold  -  as  indicated  by 
the  areas  of  relatively  cold  air  in  the  three  cases  shown  in  Fig.  19. 

To  describe  this  in  more  quantitative  terms,  we  studied  the  tempera¬ 
ture  deviations  at  9-13C  radius  in  octants  2  (left  front)  and  8  (right 
front).  The  temperature  deviations  in  these  two  octants  for  all  cases 
are  shown  in  Table  17.  Both  left-turning  cases  show  that  the  mean 
tropospheric  temperature  is  lower  to  the  left  front  of  the  storm.  For 
the  straight-moving  storms,  only  Caroline  shows  a  large  negative  tropo¬ 
spheric  shear.  The  reason  for  this  is  unknow.  However,  all  other 
straight-moving  cases  showed  only  a  very  weak  temperature  gradient  across 
the  front  of  the  storm.  In  addition,  all  three  cases  show  a  region  of 
cold  air  in  octant  1  (not  shown).  Of  the  seven  right-turning  storms, 
only  Cora  shows  no  temperature  gradient.  The  others  indicate  a  rela¬ 
tively  cold  troposphere  to  the  right  front  of  the  storm.  An  examination 
of  the  temperature  deviation  field  around  Cora  shows  that  the  coldest 
spot  is  15l  from  the  storm  center  In  octant  8  (right  front).  This 
suggests  that  one  should  look  at  this  layer  moan  temperature  field  around 
a  tropical  cyclone  In  addition  to  calculating  the  temperature  gradients 
to  forecast  its  turning  motion. 
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These  results  were  obtained,  as  described  earlier,  after  elimina¬ 
tion  of  data  points  with  integrated  liquid  water  content  >  0.5  precipi- 
table  mm.  To  see  if  this  process  is  of  any  great  significance,  we  also 
analyzed  the  temperature  deviation  fields  without  eliminating  any  data. 

A  comparison  between  the  two  sets  of  results  shows  very  little  difference 
in  the  temperature  structure  and  temperature  gradients  at  large  radii 
from  the  storm  center.  It  would  seem  therefore  that  it  is  not  necessary 
to  eliminate  those  data  points  with  appreciable  liquid  water  content 
provided  temperatures  at  large  distances  from  the  storm  center  are  used. 

This  satellite  sounder  data  indicates  that  very  pertinent  informa¬ 
tion  on  forecasting  tropical  cyclone  turning  motion  24  to  36  hours  in 
advance  may  be  obtained  in  regions  devoid  of  rawinsonde,  aircraft  and 
clouds  for  wind  vector  determination. 

5.5  Discussion 

The  results  of  this  study  indicate  that  there  are  parameters  in 
the  large-scale  environment  around  tropical  cyclones  at  upper  and  lower 
tropospheric  levels  (in  addition  to  the  previously-considered  crucial 
middle  level)  which  can  provide  information  about  their  turning  motion 
24-36  hours  before  it  occurs.  An  estimate  of  the  V^,  component  of  the 
winds  at  200  mb  and  900  mb  for  5-11°  radius  around  the  storm  from 
satellite  observations  may  be  used  to  make  a  more  reliable  short  range 
(0-12  hour)  forecast  of  turning  motion.  Of  greater  significance  is  the 
possibility  of  obtaining  the  Vp  vertical  wind  shear  to  specify  the  pro¬ 
bability  of  turning  motion  24-36  hours  in  advance.  The  fact  that 
'favorable'  environmental  conditions  are  evident  24-36  hours  prior  to 
turn  time  indicates  that  there  may  be  a  time  lag  between  a  change  in  the 
surrounding  flow  parameters  and  the  response  of  storm  to  such  changes. 


85 


Sometimes,  it  may  be  difficult  to  derive  winds  at  these  two  levels 
from  satellite  observations  because  of  an  extensive  cirrus  canopy  or 
because  upper-level  cloud  motions  are  lacking.  In  these  cases  satellite 
sounder  data,  with  its  tropospheric  temperature  measurement  capability, 
may  be  useful  to  augment  missing  wind  data.  Since  contamination  of  the 
sounding  data  by  precipitation  is  negligible  at  large  radii,  the  Micro- 
wave  Sounding  Unit  (which  does  not  have  any  water  vapor  channel)  on 
board  the  TIROS-N  satellite  now  in  orbit  might  be  used  to  monitor  tropo¬ 
spheric  temperature  gradients  across  a  storm  to  determine  the  upper  to 
lower  tropospheric  vertical  wind  shear.  We  suggest  that  temperature 
data  obtained  from  such  a  sounder  be  used  on  an  operational  basis  to  test 
the  applicability  of  these  results. 

Another  important  result  of  this  study  is  the  time  difference  be¬ 
tween  the  presence  of  a  temperature  gradient  (at  24-36  hours  before  turn 
time)  and  the  appearance  of  a  suitable  steering  flow  at  middle-level 
(at  turn  time).  This  may  suggest  that  winds  in  the  middle  level  are 
responding  to  the  large-scale  temperature  gradients.  One  of  the  problems 
in  cyclone  track  forecasting  is  the  fact  that  we  still  do  not  know  the 
physical  mechanism  which  causes  the  movement  of  tropical  cyclones.  A 
study  on  the  dynamics  of  this  process  may  lead  to  a  better  understanding 
of  the  underlying  physics  of  storm  motion. 

With  the  large  increase  in  computer  technology  and  the  development 
of  more  sophisticated  cyclone  forecast  schemes,  one  would  expect  a  con¬ 
tinuous  increase  in  tropical  cyclone  forecast  skill.  While  this  has 
been  true  on  the  average  in  the  1960's  and  early  1970' s,  cyclone  track 
24  hour  forecast  errors  have  been  showing  a  slight  increase  in  the  last 
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2 

three  to  four  years  .  These  forecast  error  increases  are  likely  a 
result  of  an  over-reliance  by  the  various  forecast  techniques  on  middle 
level  flow  patterns,  and  a  subsequent  gradual  reduction  of  oceanic  ra- 
winsonde  and  aircraft  data  to  measure  such  flow  patterns.  Atlantic  wea¬ 
ther  ships  Echo  and  Delta  were  decommissioned  in  1973.  Very  few  oceanic 
prop  aircraft  flights  are  now  made.  These  changes  have  significantly 
reduced  the  already-scanty  mid-tropospheric  Atlantic  wind-height  data. 
Accurate  analysis  of  middle-level  flow  fields  has  always  been  difficult. 

At  some  locations  and  time  periods  it  is  now  nearly  impossible  to  obtain 

3 

a  meaningful  analysis.  Neumann  has  discussed  how  NMC  tropical  analysis 
schemes  can  produce  a  quite  unrepresentative  oceanic  analysis  which 
then  gives  an  incorrect  (but  strong)  bias  to  middle-level  steering  cur¬ 
rent  determination.  He  has  documented  cases  in  which  an  erroneous  wind 
observation  drastically  changes  middle- level  computer -analyzed  flow 
fields  to  make  them  quite  unrepresentative  of  actual  conditions.  This 
seriously  affects  the  performance  of  tropical  cyclone  forecast  models 
based  on  middle-level  steering  flow  concepts  (Neumann,  1979;  Lawrence, 
1979) .  New  forecasting  schemes  (regardless  of  how  sophisticated)  which 
utilize  middle  level  flow  patterns  will  encounter  similar  unsurmount- 
able  observational  problems. 

Because  of  the  increasing  availability  of  satellite-derived  info  ma- 
tion  at  upper  and  lower  tropospheric  levels,  it  is  suggested  that  research 
on  storm  motion  be  concentrated  on  studying  the  relationships  between 
upper  and  lower  tropospheric  parameters  and  storm  movement.  The  next 
step  to  carry  this  research  further  will  be  to  try  to  relate  these  para¬ 
meters  with  cyclone  speed  changes,  stalling  and  looping  motions,  and 

other  special  cyclone  motion  characteristics. 

2  3 

’  Panel  discussion,  12th  Tech.  Conf.  on  Hurricanes  and  Tropical 
Meteorology,  April  24-27,  1979,  New  Orleans,  LA,  AMS. 
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6.  TROPICAL  CYCLONE  INTENSITY  DETERMINATION  FROM  UPPER  TROPOSPHERIC 

AIRCRAFT  RECONNAISSANCE 

It  is  proposed  that  attention  be  given  to  the  possibility  of 
tropical  cyclone  intensity  determination  through  upper  tropospheric 
jet  aircraft  reconnaissance.  The  cyclone's  upper  level  temperature 
anomaly  and  its  gradient  can  be  related  to  surface  pressure  and  wind. 

This  is  particularly  relevant  to  foreign  countries  affected  by  these 
cyclones  who  do  not  have  a  dedicated  low  altitude  aircraft  reconnaissance 
capability,  but  have  available  jet  aircraft.  No  special  aircraft  instru¬ 
mentation  would  be  required.  Jet  flights  are  faster,  longer  ranged,  and 
less  turbulent  (if  echoes  are  avoided),  than  prop  flights.  Many  more 
aircraft  are  available  for  such  missions. 

Although  very  significant  strides  have  been  made  in  the  utilization 
of  satellite  picture  data  for  cyclone  intensity  determination  (as  dem¬ 
onstrated  by  V.  Dvorak,  1975)  operational  forecasters  usually  also 
desire  verifying  aircraft  intensity  information  when  cyclones  are  near¬ 
ing  populated  coastal  regions  and  they  must  make  major  forecasting 
decisions . 

Despite  the  fact  that  cyclone  intensity  estimates  from  satellite 
picture  configurations  by  Dvorak  (1975)  have  been  found  to  be  generally 
satisfactory  in  the  majority  of  cases  (especially  when  applied  by  experts 
such  as  V.  Dvorak)  the  relationship  between  cloudiness  configuration  and 
intensity  is  quite  complex  and  significant  difficulties  in  intensity 
determination  can  occur  in  individual  situations.  Arnold  (1977)  has 
documented  some  of  these  cases  for  West  Pacific  cyclones.  In  addition, 
the  satellite  reception  and  interpretation  experience  in  many  foreign 
countries  is  not  adequate  for  cyclone  intensity  determination. 
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Even  when  maximum  wind  and  central  pressure  are  known  there  i-- 
a  question  about  the  reliability  of  these  parameters  for  estimation 
of  the  outer  cyclone  strength  and  damage  potential.  Cyclone  damage 
will  vary  greatly  with  the  horizontal  size  of  the  high  wind-low  pressure 
region  and  the  concentrated  nature  of  the  inner-core  circulation.  A 
specified  value  of  maximum  wind  or  central  pressure,  as  currently 
available  from  the  satell^^e  intensity  estimations,  even  if  accurate, 
may  not  allow  a  forecaster  to  always  make  a  very  reliable  evaluation  of 
potential  cyclone  damage  from  storm  surge,  wind,  and  rainfall. 

It  is  important  that  the  outward  horizontal  extent  of  the  cyclone's 
circulation  and  asymmetry  are  known.  Such  information  is  often  not 
readily  available  from  satellite  picture  images.  Storm  cirrus 
canopies  often  obscure  the  measurement  of  low  level  wind  vectors.  Until 
satellite  measurements  can  provide  this  information  there  is  likelv  to 
be  a  continued  requirement  for  aircrnct  reconnaissance  in  important 
forecast  situations.  This  is  especially  true  with  the  improvement ir. 
storm  warning  and  evacuation  procedures  which  allow  for  more  wise  and 
orderly  civilian  response  to  cyclone  alerts . 

There  are,  nevertheless,  growing  financial  and  technical  diffi¬ 
culties  to  the  continuation  of  traditional  (since  mid  1940' s)  low 
and  middle  level  aircraft  reconnaissance  by  the  United  States. 

The  financial  and  technical  requirements  of  maintaining  prop  aircraft 
are  becoming  more  difficult  as  aviation  interests  focus  more  on  jet 
operations.  Low  level  reconnaissance  as  currently  used  requires  specially 
equipped  and  maintained  prop  aircraft  with  high  instrument  and  main¬ 
tenance  costs.  Also,  specially  trained  crews  have  to  be  committed  for 
extended  periods  of  a  tropical  cyclone  season.  This  is  not  cost  effective. 
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Those  regions  affected  by  these  storms  typically  require  only  a  few 
crucial  cyclone  strength  determination  measurements  per  year  and  some¬ 
times  none.  It  is  only  when  cyclones  are  within  24-48  hours  of  popula¬ 
ted  coastal  areas  that  such  measurements  become  so  important  and  re¬ 
dundancy  of  intensity  determination  with  the  satellite  becomes  critically 
important.  The  growing  expense  of  maintaining  a  traditional  prop  air¬ 
craft  reconnaissance  capability  along  with  the  major  developments  in 
satellite  technology  have  led  to  decisions  causing  significant  reductions 
in  United  States  reconnaissance  flights. 

Flights  at  low  levels  by  prop  aircraft  are  slow  (by  jet  standards) 
and  are  usually  quite  turbulent.  Center  penetration  occassional1."  can¬ 
not  be  made  when  cyclones  are  very  intense  and  extreme  turbulence  occurs 
such  as  with  Hurricane  Camille  (1969).  This  situation  can  occur  dur¬ 
ing  critical  forecast  periods  just  prior  to  land:'; til.  By  centrist, 
jet  aircraft  reconnaissance  accomplished  in  the  upper  troposphere 
encounters  significantly  weaker  winds,  ccnerali\  less  intensity 
turbulence  (if  echoes  are  avoided) ,  ar.d  flight  missions  can  be  e.  -.ducted 
in  half  to  a  third  of  the  time  required  for  conventional  prop  missions. 
Nearly  all  countries  have  jet  aircraft  that  could  be  made  available 
on  short  notice  for  such  upper  tropospheric  reconnaissance.  No  special 
crew  training  would  be  required  if  the  flights  arc  conducted  with  a  few 
trained  meteorologists  who  are  temporarily  deployed  for  such  flights. 

This  paper  is  written  to  suggest  the  examination  of  a  new  tropical 
cyclone  reconnaissance  technique.  For  emergency  situations  caused  by 
the  approach  of  a  tropical  cyclone  it  is  suggested  that  a  jet  aircraft 
could  be  obtained  on  an  emergency  basis  for  6-8  hours  to  make  a  flight 
at  250  mb  through  the  center  of  a  threatening  cyclone.  A  determination 
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of  the  magnitude  and  areal  extent  of  the  approaching  cyclone's  upper 
tropospheric  temperature  structure  could  be  readily  made.  Previously 
prepared  monographs  and  information  could  be  available  to  translate  this 
upper  level  temperature  information  into  estimates  of  low  level  pressure 
and  wind  and  horizontal  extent  of  the  strong  winds.  Only  the  measurement 
of  temperature  on  a  constant  pressure  surface  would  be  made.  Such  mea¬ 
surements  are  routine  on  jet  aircraft.  Most  oceanic  jet  airliners 
have  weather  radar  for  echo  avoidance.  Satellite  information  would 
likely  bo  available  at  the  take-off  point  (major  national  airports)  for 
flight  planning.  No  extra  aircraft  crew  personnel  would  bo  required. 

Only  one  or  possibly  two  passes  through  the  upper  cvclone  would  be 
required.  The  aircraft  would  fly  a  constant  pressure  level  and  record 
temperature  at  specified  intervals  of  5-10  n  mi.  The  execution  of 
this  flight  track  might  be  approximately  as  indicated  in  Fig.  40. 

Determination  of  Cyclone  Intensity.  Tropical  cvclones  are  warm- 
core  systems.  Their  intensity  is  proportional  to  the  magnitude  of  upper- 
tropospheric  temperature  anomaly  at  the  cyclone's  center.  A  cvclone' s 
intensity  might  be  directly  determined  by  measurement  of  this  tempera¬ 
ture  anomaly.  Aircraft  flights  between  200-300  mb  -  optimum  level  for 
jet  aircraft  flying  -  may  likely  give  a  very  accurate  measurement  of  the 
cyclone's  overall  intensity  and  damage  potential. 

Figures  41  and  42  portray  rawinsonde  composited  temperature  anomalv 
in  typhoons  and  hurricanes  as  obtained  from  composited  rawinsonde  data 
in  the  Western  Pacific  and  Western  Atlantic.  Note  that  the  maximum 
temperature  anomaly  occurs  in  the  upper  troposphere  and  that  sicni ( ieart 
temperature  anomaly  extends  2-4°  radius  outward  from  the  cyclone's 
center.  Large  positive  temperature  anomaly  is  not  present  in  the  lower 
layers.  \t  inner  radii  these  upper  tropospheric  temperature  ane  ilies 
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Fig.  40.  Flight  track  flown  at  250  mb  into  Helene  on  26  Sept.  1958  by 
a  National  Hurricane  Research  Laboratory  B-47  aircraft. 
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Fig.  41.  Rawinsonde  composited  mean  temperature  anomaly  (°c)  for  West 
Pacific  (from  Frank,  1977a).  The  clashed  inner  isotherms  have 
been  inferred  from  NHRL  aircraft  data. 
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can  be  as  large  as  10-15°  (Figs.  43-44) .  Figure  45  portrays  tbe  Inner 
core  (5-50  n  ml)  radial  distribution  of  upper  tropospheric  temperature 
anomaly  from  the  mean  summertime  tropical  atmosphere  which  has  been 
measured  by  the  National  Hurricane  Research  Laboratory  upper  tropospheric 
research  flight  missions  during  the  late  1950's  and  1960's.  Note  the 
large  Inner  core  gradient  of  upper  tropospheric  temperature  anomaly  which 
are  portrayed.  Figure  46  portrays  mean  Inner  cyclone  region  (0-3°  radius) 
temperature  excess  over  temperature  at  3-7°  radius  for  five  progressively 
more  intense  classes  of  West  Pacific  cyclones  as  determined  by  C.  Arnold 
(1977)  from  composited  West  Pacific  rawlnsonde  data.  Table  18  describes 
these  Intensity  classes.  Note  the  direct  correlation  of  average  upper 
level  temperature  anomaly  with  intensity  class. 

TABLE  18 

Five  West  Pacific  Tropical  Cyclone  Intensity  Classes  (from  Arnold,  1977). 

Estimated  Mean  Estimated  \ve.  Max- 
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Vertical  cross  section  of  temperature  anomaly  for  Hurricane 
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Inner  core  upper-tropospheric  temperature  anomaly  from  the 
mean  summertime  tropical  atmosphere  as  measured  by  NHRL  upper 
level  flights  (data  from  Gray  and  Shea,  1976). 


Mean  0-3  radius  temperature  anomaly  (AT)  profiles  for  five 
progressively  more_lntense  tropical  storm  stages  I,  [I,  III 
IV  and  STY.  AT  *  T(g-3°)- ( 3-7°) for  stages  I,  II  and  III. 

AT  ”  (0-3  )-S'  for  stages  IV  and  STY.  See  Table  18  for  a 
description  of  these  classes  of  cyclone  intensity  (from 
Arnold,  1977). 
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where  is  a  correction  coefficient  which  will  vary  with  T'  ,  pressure 
level,  anil  radius.  K^  can  be  empirically  specified  from  aircraft  and 
composited  rawinsonde  data. 

The  cyclone’s  lower  tropospheric  wind  velocity  (V)  will  ho  related 
to  the  radial  gradient  of  T',  radius  (r),  and  some  correction  coefficient 
K,  related  to  T' ,  r,  pressure  level,  ovclone  azimuth,  and  also  latitude. 
It  can  also  be  empirically  determined.  Thus, 
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Through  a  combination  of  rawinsonde  and  National  Hurricane  Research 
Luboratorv  research  flight  information  a  reliable  determination  of  the 
Kj  and  K,  correction  factors  should  be  oht  finable. 

figures  s7  md  s8  illustrate  how  (In  a  statistical  sc:'. cl  u-'cr 
tropospheric  temperature  anomaly  tor  different  Vest  Pacific  owl  one 
intensity  groups  is  related  to  lower  tropospheric  height  and.  wind  snood 
for  the  different  Intensity  cyclones  lo'i-  -d  !-  id.  In  18.  Those  are 
only  statistical  relationships  and,  or  application  in  Individual  situa¬ 
tions,  more  specific  knowledge  of  the  T'  and  wind  relationship  must  he 
obtained.  If  research  were  focused  on  this  subject,  very  usef  si  indi¬ 
vidual  case  relationships  could  likely  ho  obtained. 

More  refined  evaluation  ot  the  cyclones!'  temperature  and  result¬ 
ing  low-level  pressure-wind  could  bo  obtained  i '  a  downward  pointing 
microwave  spectrometer  similar  to  that  flown  on  the  Nimbus  VI  satellite 
was  also  made  a  part  of  the  jet  aircraft  instrument  package.  As  dis¬ 
cussed  bv  Kosonkrunz  and  Staelln  (1977)  and  Kidder  et  al.  (1^78)  such 
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Fig.  47.  The  250  mb  temperature  anomaly  and  900-700  mb  tangential 

wind  at  r  **  2  ,  each  expressed  as  a  percent  deviation  from 
the  corresponding  developing  cluster  (Stage  1)  values  (from 
Arnold.  1977). 
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Fig.  48.  The  mean  300-200  mb  temperature  from  0-l‘  vs.  mean  850  mb 
height  from  0-1°  (from  Arnold,  1977). 
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microwave  measurements  (see  discussion  below)  allow  the  determination 
oi  temperature  through  a  deep  tropospheric  layer  and  would  be  more 
reliable  than  measurements  taken  at  a  single  level.  It  might  be  pos¬ 
sible  to  temporarily  install  such  an  instrument  on  a  jet  aircraft  just 
prior  to  a  mission  if  some  prior  aircraft  modification  has  been 
accomplished.  A  mean  surface  to  250  mb  temperature  determination  would 
have  a  very  high  correlation  with  surface  pressure.  Although  highly 
desirable  for  most  accurate  intensity  determination,  such  additional 
instrumentation  is  not  strictly  required.  Individual  level  values  may 
prove  to  be  quite  sufficient. 

Satellite  Determination  of  Upper  Troposphere  Temperature.  A 
similar  approach  to  tropical  cyclone  intensity  determination  has 
been  proposed  by  Rosenkranz  and  Staelin  (1977)  and  S.  Kidder  et  al. 

(1978).  They  suggest  using  satellite  measurements  of  the  cyclone's  upoer 
tropospheric  temperature  to  infer  its  strength.  Research  so  far  accom¬ 
plished  using  Nimbus  channel  Scanning  Microwave  Spectrometer  (SCAMS) 
satellite  data  appears  promising.  S.  Kidder  (1979)  has  recently  analyzed 
temperature  data  over  tropical  cyclones  retrieved  with  the  SCAMS  on  Nimbus 
VI.  The  SCAMS  has  a  field  of  view  or  spatial  resolution  of  approxinatelv 
a  78  n  mi  diamter  circle.  Temperature  values  are  considerably  smoothed. 

Ever,  allowing  for  such  large  smoothing,  Kidder  has  observed  SCAMS  250-100 
mb  determined  temperature  differences  between  storm  and  environment  as 
large  as  A-5°C.  He  has  also  observed  that  the  anomaly  increases  as  the 
storm  intensifies  from  a  cluster  to  a  typhoon.  The  future  potential  for 
cyclone  monitoring  from  this  type  of  measurement  (if  increased  horizontal 
and  vertical  satellite  sensor  resolution  can  be  obtained)  appears  promising. 
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This  is  an  encouraging  avenue  to  gain  Increased  knowledge  of  tropica! 
cyclone  Intensity.  It  is  especially  relevant  because  there  appears  t  ■ 
be  a  limit  to  cyclone  intensity  knowledge  which  may  be  obtained  from 
further  and  more  rel ined  analysis  of  satellite  cloud  configurations. 

Summary .  It  is  suggested  that  consideration  be  given  by  foreign 
governments  and  the  I'nited  States  to  tropieal  cyclone  intensity  determina¬ 
tions  from  jet  aircraft.  Measurements  of  the  cyclone's  upper  tropo¬ 
spheric  temperature  anomaly  and  horizontal  configuration  may  prove  as 
reliable  a  measure  of  the  cyclone's  intensity  as  low  level  prop  aircraft 
reconnaissance.  Such  measurements  would  likely  he  a  more  reliable 
source  of  cyclone  Intensity  than  that  of  satellite  observed  cloud  con¬ 
figuration  and  quite  desirable  to  have  when  cyclones  approach  populated 
areas . 
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7.  Dll’RNAl.  VARIATIONS  OF  VERTICAL  MOTION 
IN  TR0PICA1.  WF.ATHER  SYSTEMS 

The  diurnal  variation  ot  mass  divergence  and  vortical  velocity  Is 
documented  for  tropical  summertime  oceanic  weather  systems  in  the  Western 
Pacific,  Western  Atlantic  and  the  OATH  region.  It  is  shown  that  this 
diurnal  variation  is  very  large  and  has  the  same  basic  character  in  all 
regions. 

The  existence  of  a  single  diurnal  cvclo  in  the  mass  divergence  of 
oceanic  tropical  weather  systems  was  first  demonstrated  by  Kuprecht  and 
i'.rav  (1976a,  b)  and  Cray  and  Jacobson  (l,)771  for  the  western  Pacific. 
Corroborat ing  evidence  on  the  diurnal  variation  ot  heavy  precipitation 
has  been  presented  hv  Cra\  and  Jacobson  (loc.  c  i  t  .  1  ,  IVvart  (U'78>  and 
by  McC.arrv  and  Reed  (ll)'S). 

I'se  is  made  ot  data  f tom  the  I'J?-*  GATE  experiment  and  from  the  many 
tropical  data  sets  composited  over  the  past  decade  by  the  tropical  storm 
research  project  of  William  M.  t'.rav  (Williams  and  dray,  N7t;  Kuprecht 
and  dray,  197tia,  b;  ,'ehr.  1976;  W.  Frank,  1977a,  b,  c;  S.  Erickson,  W7?; 
McBride,  l *■* 7 7 ;  Frank,  1978a,  b;  Pewart ,  t'*’8  and  drube,  1°'8'. 

From  these  sources,  eleven  totally  independent  composite  data  sets 
are  put  together  "or  three  different  tropical  oceanic  regions.  Each 
data  set  represents  one  tvpe  of  tropical  summertime  convective  weather 
system.  The  diurnal  variation  of  each  data  set  is  investigated  and 
intercompar tsons  are  made  between  the  different  data  sets  to  determine 
consistencies  In  their  diurnal  behavior. 

Western  Paeittc  Convert iye  Systems.  Following  the  technique  ot 
Williams  and  drav  (197.1),  twtee  dallv  raw  insonde  ohservat  ions  (tom  the 
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standard  observational  network  in  the  Northwest  Pacific  Ocean  have  been 
composited  relative  to  the  central  positions  of  tropical  convective 
systems.  002  and  122  rawinsonde  data  were  used  from  the  summer  months 
of  the  years  1961-1970. 

Five  different  types  of  Western  Pacific  convective  systems  have 
been  composited.  They  are  numbered  one  to  five: 

1.  CLOUD  CLUSTER.  Summertime  cloud  clusters  were  composited 
for  the  years  1967  and  1968.  Only  clusters  which  did  not 
later  develop  into  tropical  cyclones  were  used.  This  data 
set  is  the  "STACK  00"  data  set  of  Zehr  (1976). 

2.  PRETYPHOON  CLOUD  CLUSTER.  This  data  set  consists  of  cloud 
clusters  which  later  develop  into  typhoons.  Data  for  this 
and  the  following  three  data  sets  are  from  the  full  ten 
year  period  1961-1970.  This  data  set  is  "STAGE  2"  of  Zehr. 

It  consists  of  that  portion  of  each  storm's  track  prior  to 
one  day  before  the  first  reconnaissance  aircraft  observation. 
Positions  were  obtained  from  satellite  pictures  and  by 
extrapolation  from  Joint  Typhoon  Warning  Center,  Guam  (JTWC) 
best  tracks. 

3.  TROP 1CAL  STORMS .  Pc-'  1000  mb.  This  and  the  following  two 
data  sets  consist  of  a  stratification  of  the  official  best 
tracks  of  the  JTWC  according  to  the  central  Pressure  (Pc) 
of  each  storm. 

A.  TROPICAL  STORMS.  980  mb  <_  P  <_  1000  mb. 

5.  TROPICAL  STORMS.  P  <  980  mb. 

-  -  c  _ 

Positioning  for  the  cloud  cluster  data  sets  (data  sets  l,  2  and 

6,  7  of  the  following  section)  was  obtained  from  visual  daytime  satellite 
imagery.  Interpolation  had  to  be  used,  therefore,  to  obtain  nighttime 
positions  for  these  systems.  This  procedure  did  not  yield  any  signi¬ 
ficant  day  vs.  night  variation  in  the  composited  thermodynamic  fields 
associated  with  the  clusters. 

To  insure  that  the  vertically  integrated  net  radial  mass  flux 

between  the  surface  and  100  mb  is  zero,  small  mass  balance  corrections 

had  to  be  added  to  the  radial  component  of  the  wind  at  each  level. 


Kvery  feature  of  the  divergence  profile  described  in  this  studv  is 
insensitive  to  the  mass  balance  correction,  however.  The  correction 
had  to  be  made  so  that  vertical  velocities  would  simultaneously  be  zero 
at  the  surface  and  100  mb. 

Data  wore  composited  at  19  vertical  levels  extending  from  sea  level 
to  100  mb.  The  horizontal  grid  was  an  annulus,  2°  to  4°  latitude  dis¬ 
tance  from  the  center  of  the  convective  system.  The  radial  component 
of  the  wind  was  composited  in  eight  octants  of  45°  azimuthal  extent. 
These  eight  values  of  the  radial  wind,  V  were  considered  to  be  true 
at  3l  latitude  distance  from  the  system  center.  The  average  horizontal 
divergence  (D1V)  inside  the  3°  radius  area  of  each  weather  svstem  was 
calculated  by  an  application  of  the  divergence  theorem.  Vertical  pro¬ 
files  of  divergence  averaged  over  the  0-3°  area  for  the  five  Pacific 
data  rets  are  shown  in  Fig.  4°.  Profiles  are  shown  for  the  two  standard 
observation  times,  00  and  12  GMT  (10  AM  and  10  PM  Local  Time).  The 
corresponding  kinematically  derived  vertical  velocities  are  shown  in 
Fig.  50.  The  general  character  of  these  profiles  is  -onvergence  or  In¬ 
flow  In  the  lower  troposphere  compensated  for  by  divergence  or  outflow 
near  the  200  mb  level.  The  features  of  interest  for  the  present  study 
are  as  follows: 

a)  The  low  level  convergence  in  the  layer  from  the  surface  to 
850  mb  is  greater  at  10  AM  than  at  10  PM. 

b)  There  is  convergence  at  10PM  in  the  middle  troposphere  near 
450  mb. 

c)  In  the  morning  the  upper  level  outflow  extends  through  a 
deeper  layer  of  the  atmosphere  than  It  does  in  the  evening. 

The  corresponding  properties  of  the  vertical  motion  profile  are: 

d)  The  mean  tropospheric  upward  vertical  motion  is  greater  in 
the  morning  than  in  the  evening. 


j  -  ■  ■  -  •-■■■■ 


The  level  at  which  the  maximum  upward  vertical  velocit 
occurs  is  higher  in  the  atmosphere  in  the  evening  than 
the  morning. 


The  low  level  upward  vertical  velocity  (at  800 
in  the  morning  than  in  the  evening. 
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Mean  divergence  within  the  r  =  0-3  latitude  area  for  the  five 
Western  Pacific  composite  weather  systems. 
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Western  Pacific  composite  weather  systems 
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Data  sets  1  to  4  exhibit  all  six  of  these  features.  The  typhoon 
data  set  (data  set  5,  >_  980  mb)  exhibits  only  properties  c)  and  d) . 

Western  Atlantic  Convective  Systems.  Using  the  same  technique  as 
described  above  for  the  Pacific,  five  different  types  of  summertime 
convective  systems  were  composited  in  the  Western  Atlantic  -  Caribbean 
area.  The  five  data  sets  are: 

6.  CLOUD  CLUSTER.  In  collaboration  with  V.  Dvorak  of  N0AA/NF.SS 
Applications  Group,  positions  were  obtained  from  satellite 
pictures  of  tropical  weather  systems  which  subjectively  looked 
like  they  had  potential  for  development  into  tropical  storms. 

If  a  circulation  center  for  the  disturbance  was  visible,  it 
was  defined  as  the  position  of  the  system;  otherwise  the  center 
of  mass  of  the  cloud  area  was  used.  Data  were  compiled  from 
the  years  1968-1974. 

7.  EASTERLY  WAVE .  N.  Frank,  Director  of  the  National  Hurricane 
Center,  Miami  (NHC) ,  has  tracked  the  movement  of  Atlantic 
easterly  waves  since  1968.  Using  N.  Frank's  tracks  in  the 
Caribbean  for  the  years  1968-1974  a  composite  was  made  relative 
to  the  centers  of  these  wave  disturbances.  Only  wave  systems 
which  had  a  significant  amount  of  convection  associated  with 
them  were  composited.  The  center  of  each  system  was  defined 
such  that  the  longitude  was  that  of  N.  Frank's  trough  axis,  and 
the  latitude  was  the  central  latitude  of  convective  activity 

as  determined  from  satellite  images. 

Composite  data  sets  6  and  7  have  very  weak  upward  vertical  velocity. 
In  fact,  they  have  subsidence  throughout  the  troposphere  at  one  of  the 
two  observation  times.  Ruprecht  and  Gray  (1976a)  also  have  composited 
Western  Atlantic  cloud  clusters  and  found  very  little  upward  vertical 
motion.  These  systems  actually  exist  in  a  region  of  mean  environmental 
subsidence  and  negative  low  level  relative  vorticity.  Weather  systems 
are  often  referred  to  as  being  in  a  'coasting'  or  'weakening'  stage 
as  they  move  through  this  subsidence  region. 

Official  best  track  positions  of  the  National  Hurricane  Center  for 
the  years  1961-1974  were  stratified  according  to  the  official  estimated 
maximum  sustained  wind  (V  )  to  provide  the  following  three  data  sets: 


105 


8.  PRE-TROPICAL  STORMS:  V  <35  kts. 

- max  _ 

9.  TROPICAL  STORMS:  35  kts  <  V  <  65  kts. 

-  max 

10.  TROPICAL  STORMS:  V  >65  kts. 

- max  — 

Hie  observation  times  00Z  and  12Z  for  these  data  sets  are  within  about 
one  hour  of  7  PM  and  7  AM  Local  Time,  respectively.  Diurnal  divergence 
profiles  and  vertical  velocity  profiles  are  shown  In  Figs.  51  and  52. 

There  Is  a  marked  similarity  between  these  figures  and  the  cor¬ 
responding  Figs.  49  and  50  from  the  West  Pacific.  Data  sets  6  through 
9  can  be  seen  to  have  every  one  of  the  properties  a)  to  f)  listed  for 
the  Pacific  systems.  The  hurricane  data  set  (data  set  10)  has  properties 
a),  d)  and  f). 

The  strong  similarity  between  the  diurnal  divergence  and  vertical 
velocity  profiles  of  the  two  western  ocean  regions  provides  convincing 
evidence  that  this  variation  actually  does  exist.  This  Is  not  a  trivial 
point,  as  divergence  Is  a  notoriously  difficult  atmospheric  parameter 
to  measure.  The  appearance  of  the  six  common  features  a)  to  f)  In 
these  Independent  data  sets  shows  that  they  are  consistent  and  realistic 
features  which  should  be  known  about  In  the  evolution  of  tropical  con¬ 
vection  from  satellite  Information. 

GATE  Convective  Systems.  The  GARP  Atlantic  Tropical  Experiment 
(GATE)  was  performed  In  the  tropical  eastern  Atlantic  Ocean  in  Juno 
through  September  1974.  Rawlnsonde  data  was  taken  by  ships  stationed  In 
the  outer  hexagon  of  the  GATE  network  (the  A/B-array)  as  shown  In  Elg.  53. 
The  GATE  array  Is  approx! nate ly  3S°  latitude  radius.  The  composited 
divergence  and  vertical  motion  can  thus  be  directly  compared  with  the 
results  of  the  previous  section  of  this  study  where  data  are  averaged 
between  2-4°  radius.  The  GATE,  however,  observations  on  the  most  con- 
veetively  active  days  were  taken  at  3-hourly  Intervals;  so  that  much 
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WESTERN  ATLANTIC  DIVERGENCE 


JO  «0  0  *0  ic  to  >r  o  ?C 

DIVERGENCE  (in  unift  of  I0'*»#c"') 


TI4.  51.  Mean  divergence  within  the  r  -  0-3°  area  for  the  Western 
Atlantic  composite  weather  systems. 


WESTERN  ATLANTIC  VERTICAL  VELOCITY 


VERTICAL  VELOCITY  imb/doy) 


KIr.  A.!.  Mean  vertical  vole,  ftv  within  the  r  *  0-3°  area  foi  the 
Western  Atlantic  composite  weather  systems. 


GATE  CLUSTER  DIVERGENCE 


Mean  divergence  within  the  CATE  A/B-array  for  the  CATE 
composite  cluster. 
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greater  time  resolution  is  available  than  in  the  western  oceans. 

Vertical  profiles  of  divergence  at  the  eight  observation  times  of 
these  convectively  active  days  are  shown  in  Fig.  54.  The  corresponding 
vertical  motions  are  shown  in  Fig.  55.  The  character  of  the  divergence 
profile  is  different  than  that  in  the  western  oceans.  In  CATE  most  of 
the  convergence  is  below  the  800  mb  level,  whereas  the  data  sets  of  the 
western  oceans  (Figs.  49  and  51),  although  having  a  similar  total  amount 
of  vertical  mass  exchange,  have  their  inflow  spread  through  a  much 
deeper  layer. 

Despite  this  difference  the  diurnal  variation  in  OATF  follows  a 
pattern  similar  to  that  in  the  other  systems. 


GATE  CLUSTER  VERTICAL  VELOCITY 


VERTICAL  VELOCITY  (mb /day  I 


Fig.  55. 


Mean  vertical  motion  within  the  CATE  A/B-array  for  the  CATE 
composite  cluster. 


PRESSURE  ( 10 c  mb) 


For  a  more  direct  comparison  of  the  data  so  far  presented  in  this 
study.  Fig.  56  was  constructed.  This  figure  shows  the  GATF.  vertical  motion 
profiles  at  the  observation  times  closest  to  those  in  the  other  locations. 
The  left  hand  side  of  the  figure  can  be  compared  directly  with  Fig.  50, 
the  right  hand  side  with  Fig.  52. 

Summary .  It  has  been  shown  above  that  the  diurnal  behavior  of  the 
divergence  profiles  of  convective  systems  is  very  similar  in  the  GATE 
region,  the  Western  Pacific  and  in  the  Western  Atlantic.  The  basic  pro¬ 
files  on  which  this  diurnal  variation  is  superimposed  arc  quite  different, 
however,  in  the  three  regions.  This  large  diurnal  morning  maximum  and 
evening  minimum  in  vertical  motion  appears  to  be  primarily  a  result  of 
day  vs.  night  difference  in  tropospheric  radiational  cooling  with  a  3-6 
hour  lag  time  (see  papers  by  Gray  and  Jacobson,  1977;  Fingerhut,  1978; 
McBride  and  Gray,  1978;  Dewart,  1978;  W.  Frank,  1978a  and  Grube,  19781. 

GATE  CLUSTER  VERTICAL  VELOCITY 


VERTICAL  VELOCITY  (mb/day) 

Fig.  56.  Mean  vertical  motion  for  the  GATE  cluster  at  the  observation 
times  closest  to  those  in  the  western  oceans.  The  left  side 
compares  directly  with  Fig.  50,  the  right  side  with  Fig.  52. 
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Diurnal  Variation  of  Rainfall.  This  study  has  been  concerned  with 
the  diurnal  variation  of  the  wind  fields.  The  variation  of  rainfall  can 
be  quite  different  to  that  of  vapor  convergence  if  moisture  storage  and 
significant  convective  feedback  occur. 

It  has  been  shown  above  that  in  the  three  regions  under  considera¬ 
tion  the  mass  convergence  below  the  850  mb  level  is  of  maximum  magnitude 
near  7  AM  local  time.  In  the  western  oceans  this  converging  moisture 
Is  apparently  quickly  converted  to  rain.  The  diurnal  variation  of  heavy 
precipitation  in  Western  Pacific  weather  systems  has  been  well  documented 
by  Gray  and  Jacobson  (1977).  They  showed  that  rainfall  has  a  maximum 
near  7  AM  and  a  minimum  near  9-11  AM.  This  is  in  agreement  with  the  low 
level  convergence  being  driven  by  the  diurnal  variation  of  diabatic  heat 
sources  as  here  discussed.  A  preliminary  analysis  of  Western  Atlantic 
oceanic  rainfall  leads  to  the  same  conclusion  for  that  region.  However, 
rainfall  measurements  are  generally  contaminated  by  the  presence  of  many 
large  islands  with  their  afternoon  heating  influences  and  by  vapor  storage. 

Although  there  is  also  a  maximum  of  moisture  convergence  near  7  AM 
in  GATE  the  rainfall  maximum  is  in  the  early  afternoon.  It  can  be  seen 
in  Fig.  54  of  the  current  study  where  the  low  level  vertical  velocity 
has  a  maximum  at  7:30  AM,  but  the  upper  level  vertical  velocity,  cor¬ 
responding  to  the  deep  convection,  has  its  maximum  value  at  1:30  PM. 

In  comparison  with  the  western  oceans,  the  GATE  region  is  quite 
stable;  In  particular  in  the  low  levels  it  is  colder  (by  'v  2°C)  and 
dryer  (by  a.  1  gm/kg)  than  the  western  oceans.  GATE  is  also  a  region  of 
large  low  level  vertical  wind  shear,  whereas  the  other  regions,  being 
preferred  regions  for  tropical  cyclone  genesis,  arc  characterised  by 
quite  weak  low  level  vertical  shear. 
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In  consequence  of  this  greater  stability  and  greater  wind  shear, 
convection  takes  some  time  to  develop  in  CATE.  In  agreement  with  the 
diurnal  forcing  mechanism,  the  GATE  convection  is  initiated  in  the 
morning  hours  (Weickraann  £t  al_.  ,  1977)  but  appears  to  take  4-8  hours 
to  organize  into  the  observed  cloud  lines  and  squall  lines.  The  line 
and  squall  convection  can  overwhelm  the  large-scale  forcing  and  cause 
rain  after  the  forcing  mechanism  has  subsided.  The  heaviest  convection 
thus  comes  later  than  in  the  western  ocean  regions  where  buoyant  in¬ 
stability  and  low  vertical  shear  permit  a  faster  response  to  the  low 
level  mass  convergence.  One  must  thus  be  careful  not  to  too  closely 
associate  this  large  two  to  one  morning  maximum  and  evening  minimum  in 
tropical  disturbance  vertical  motion  with  rainfall. 

Conclusion .  It  is  important  that  this  large  single  cycle  in  diurnal 
variation  of  mass  convergence  into  tropical  weather  systems  he  realized 
and  better  understood.  The  implications  for  the  understanding  of  tro¬ 
pical  convection  need  to  be  more  fully  appreciated  particularly  with  the 
interpretation  of  cumulus  convection  as  observed  from  satellite  data. 
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APPENDIX  A 


A. A  Pacific  pretyphoon  versus  non-developing  clusters 

The  values  of  parameters  (iii),  (lv)  and  (v)  are  listed  in  Table 
A1  for  18  Western  Pacific  pretyphoon  cloud  clusters  and  in  Table  A2 
for  31  Western  Pacific  non-developinR  cloud  clusters.  The  method  of 
obtaining  these  values  from  Joint  Typhoon  Warning  Center  (JTWC)  Guam 
operational  weather  maps  is  described  in  section  3.3  (Position  numbers 
are  the  manbers  used  by  S.  Erickson  (1977).)  The  latitude,  longitude 
time  and  date  corresponding  to  each  position  number  are  listed  in 


Table  A3. 

TABLE  A 1 


Pacific  Pretyphoon  Clusters 


System  Number 

Posi r ion 

Number 

(iii) 

All  +  AV 

(iv) 

7.onal  Zero 
Line 

(v) 

Meridional 
Zero  Line 

1 

36-38 

8.4 

Y 

Y 

2 

39-41,43,45 

9.6 

Y 

N 

3 

73,75,77,78 

15.4 

Y 

Y 

4 

150,151,153 

13.7 

Y 

Y 

5 

159-164 

18.0 

Y 

Y 

6 

166,168,170,172 

175,177 

10.0 

Y 

N 

7 

174,176,178 

13.0 

Y 

N 

8 

179-181 

7.3 

Y 

N 

9 

248-251 

10.9 

Y 

Y 

10 

284-288 

-1.6 

N 

Y 

11 

289-293 

9.3 

Y 

Y 

12 

294-297 

14.3 

Y 

Y 

13 

298-300 

13.3 

Y 

Y 

14 

301-303 

11.0 

Y 

N 

15 

312 

9.0 

N 

Y 

16 

313-315 

-.4 

N 

N 

17 

319-321 

22.9 

V 

Y 

18 

322-325 

20.1 

Y 

Y 

I 
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TABLE  A2 


Pacific  Non-developing  Clusters 


(iii) 

(iv) 

(v) 

System  Number 

Position 

Number 

AU  +  AV 

Zonal  Zero 

Line 

Meridional 
Zero  Line 

1 

20-23 

1A.1 

Y 

N 

2 

2A-26 

1A.2 

N 

Y 

3 

27-29 

7.3 

N 

N 

A 

30-32 

19.9 

Y 

N 

5 

33-35 

15.7 

Y 

Y 

6 

A2 ,AA , A6 

0.6 

Y 

N 

7 

A7-51 

-3.3 

N 

N 

8 

52-5A.56 

8.9 

Y 

Y 

9 

55,57-59 

12.7 

Y 

Y 

10 

60.62.6A 

5.8 

N 

Y 

11 

61,63,65-69 

2.5 

N 

N 

12 

70-72, 7A. 76 

0.1 

Y 

N 

13 

79-80 

-.A 

N 

N 

1A 

12 1— 12 A 

6.9 

Y 

N 

15 

125-127 

8.8 

Y 

N 

16 

128,130,132 

1A.A 

Y 

N 

17 

129, 131,133 

8.8 

Y 

N 

18 

134-136 

1.8 

Y 

N 

19 

137-139 

1A.0 

Y 

Y 

20 

1A0-1AA 

1.7 

N 

N 

21 

1A5-1A9 

12. A 

Y 

Y 

22 

152 , 15A , 155 

3.8 

Y 

N 

23 

156-158 

5.1 

Y 

N 

2A 

165,167,169, 

171,173 

9.1 

Y 

N 

25 

182-186 

2.7 

Y 

N 

26 

187-191 

9.1 

Y 

N 

27 

192-19A 

11.3 

Y 

N 

28 

195-197 

7. A 

Y 

N 

29 

30A-306 

-9.3 

N 

N 

30 

307-311 

0.2 

N 

N 

31 

316-318 

-6.9 

N 

N 

i  a  — 
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TABLE  A3  (cont'd) 


Position 

Year 

Month 

Date 

Time 

Latitude 

Longitude 

Number 

(OMT) 

(Deg.  North) 

(Deg.  Eas 

64 

1972 

6 

14 

00 

8.0 

147.0 

65 

1972 

6 

14 

00 

12.5 

149.3 

66 

1972 

6 

14 

12 

13.5 

146.9 

67 

1972 

6 

15 

00 

14.4 

144.5 

68 

1972 

6 

15 

12 

14.4 

142.5 

69 

1972 

6 

16 

00 

14.5 

140.5 

70 

1972 

6 

18 

12 

10.0 

165.7 

71 

1972 

6 

18 

12 

9.9 

164.0 

72 

1972 

6 

19 

12 

9.8 

162.4 

73 

1972 

6 

19 

00 

9.3 

147,3 

74 

1972 

6 

19 

12 

8.9 

159.4 

75 

1972 

6 

19 

12 

10.0 

146.1 

76 

1972 

6 

20 

00 

8.0 

156.4 

77 

1972 

6 

20 

00 

10.7 

144.9 

78 

1972 

6 

20 

12 

11.7 

141.1 

79 

1972 

6 

30 

00 

5.0 

139.6 

80 

1972 

6 

30 

12 

6.0 

138.3 

121 

1972 

8 

02 

12 

11.5 

141.0 

122 

1972 

8 

03 

00 

12.2 

140.0 

123 

1972 

8 

03 

12 

11.7 

138.8 

124 

1972 

8 

04 

00 

11.1 

137.6 

125 

1972 

8 

10 

00 

15.7 

130.9 

126 

1972 

8 

10 

12 

16.6 

129.6 

127 

1972 

8 

11 

00 

17.5 

128.3 

128 

1972 

8 

18 

00 

11.0 

148.0 

129 

1972 

8 

18 

00 

10.3 

134.0 

130 

1972 

8 

18 

12 

11.0 

145.0 

131 

1972 

8 

18 

12 

10.7 

132.2 

132 

1972 

8 

19 

00 

11.0 

141.7 

133 

1972 

8 

19 

00 

11. 0 

130.4 

134 

1972 

8 

19 

00 

7.2 

143.2 

135 

1972 

8 

19 

12 

8.1 

140.3 

136 

1972 

8 

20 

00 

9.1 

136.9 

137 

1972 

8 

21 

00 

7.8 

156.0 

138 

1972 

8 

21 

12 

6.9 

153.4 

139 

1972 

8 

22 

00 

6.0 

150.8 

140 

1972 

8 

23 

00 

7.5 

137.8 

141 

1972 

8 

23 

12 

7.2 

136.9 

142 

1972 

8 

24 

00 

7.0 

135.9 

143 

1972 

8 

24 

12 

7.9 

135.0 

144 

1972 

8 

25 

00 

9.7 

134.4 

145 

1972 

8 

27 

00 

13.0 

145.8 

146 

1972 

8 

27 

12 

13.8 

143.1 

147 

1972 

8 

28 

00 

14.5 

140.4 

148 

1972 

8 

28 

12 

15.2 

138.0 

149 

1972 

8 

29 

00 

15.8 

135.5 

150 

1972 

8 

29 

00 

8.7 

130.1 

151 

1972 

8 

29 

12 

10.0 

127.8 

123 


TABLE  ,\J  (cont'd) 


a it  Ion 

Year 

Month 

Date 

Time 

l.at  1  tude 

l.onglti 

mber 

(orr) 

(Deg.  North) 

(Dog.  1 

152 

1972 

8 

30 

00 

5.0 

153.0 

153 

1972 

8 

30 

00 

11.3 

125.4 

154 

1972 

8 

30 

12 

5.0 

151.1 

155 

1972 

8 

31 

00 

5.0 

149.1 

156 

1972 

9 

01 

00 

5.0 

138.8 

157 

1972 

9 

01 

12 

5.0 

137.4 

158 

1972 

9 

02 

00 

5.0 

136.0 

159 

1972 

9 

05 

00 

13.9 

145.2 

160 

1972 

9 

05 

12 

14.4 

143.4 

161 

1972 

9 

06 

00 

14.9 

141.6 

162 

1972 

9 

06 

12 

15.2 

138.5 

163 

1972 

9 

07 

00 

15.5 

135.4 

164 

1972 

9 

07 

12 

14.9 

132.0 

165 

1972 

9 

08 

00 

0.0 

153.6 

166 

1972 

9 

08 

00 

10.0 

139.0 

167 

1972 

9 

08 

12 

0.0 

150.6 

168 

1972 

9 

08 

12 

11.3 

138.5 

169 

1972 

9 

09 

00 

8.0 

147.6 

170 

1972 

9 

09 

00 

12.6 

1 38.0 

171 

1972 

9 

00 

12 

8.7 

145.8 

172 

1972 

9 

09 

12 

12.8 

138.0 

173 

1972 

9 

10 

00 

8.5 

143.9 

174 

1972 

9 

10 

00 

14.  3 

1  30.0 

175 

1972 

9 

10 

00 

13. 1 

138.0 

176 

1972 

9 

10 

12 

15.0 

129.2 

177 

1972 

9 

10 

12 

13.2 

137.5 

178 

1972 

9 

11 

00 

15.6 

128.5 

179 

1972 

9 

15 

00 

13.4 

154.5 

180 

1972 

9 

15 

12 

14.5 

154.8 

181 

1972 

9 

16 

00 

15.5 

155.0 

182 

1972 

9 

21 

00 

8.0 

165.5 

183 

1972 

9 

21 

12 

7.6 

163.8 

184 

1972 

9 

22 

00 

7.1 

162.0 

185 

1972 

9 

22 

12 

7.3 

160.3 

186 

1972 

9 

23 

00 

7.4 

158.5 

187 

1972 

9 

24 

00 

10.0 

168.0 

188 

1972 

9 

24 

12 

0.7 

165.5 

189 

1972 

9 

25 

00 

9.5 

163.0 

190 

1972 

9 

25 

12 

0.7 

162.7 

191 

1972 

9 

26 

00 

10. 0 

162.5 

192 

1972 

9 

27 

00 

6.0 

139.0 

193 

1972 

9 

27 

12 

6.5 

136.0 

194 

1972 

9 

28 

00 

7.0 

1  34 . 7 

195 

1972 

9 

29 

00 

7.0 

134.0 

196 

1972 

9 

29 

12 

7.0 

132.7 

197 

1972 

9 

30 

00 

7.0 

131.3 

248 

1974 

3 

11 

00 

8.2 

140.5 

249 

1974 

3 

11 

12 

8.2 

141.2 

250 

1974 

3 

12 

00 

8.3 

142.0 

*  t 


■  ■  - 
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TABLE  A3  (cont'd) 


Position 

Year 

Month 

Date 

Time 

Latitude 

Longitude 

Number 

(GMT) 

(Deg.  North) 

(Deg.  East) 

251 

1974 

3 

12 

12 

8.4 

143.7 

284 

1974 

8 

21 

00 

17.3 

171.0 

285 

1974 

8 

21 

12 

17.3 

168.8 

286 

1974 

8 

22 

00 

17.4 

166.6 

287 

1974 

8 

22 

12 

18.1 

164.0 

288 

1974 

8 

23 

00 

18.8 

161.3 

289 

1974 

9 

07 

00 

14.0 

166.9 

290 

1974 

9 

07 

12 

14.4 

166.2 

291 

1974 

9 

08 

00 

14.8 

165.5 

292 

1974 

9 

08 

12 

15.9 

162.5 

293 

1974 

9 

09 

00 

17.0 

159.5 

294 

1974 

10 

05 

00 

10.1 

160.5 

295 

1974 

10 

05 

12 

10.1 

155.8 

296 

1974 

10 

06 

00 

10.2 

151.0 

297 

1974 

10 

06 

12 

10.4 

147.0 

298 

1974 

10 

18 

00 

10.1 

149.5 

299 

1974 

10 

18 

12 

10.7 

146.4 

300 

1974 

10 

19 

00 

11.4 

143.3 

301 

1974 

10 

21 

00 

9.2 

151.4 

302 

1974 

10 

21 

12 

11.0 

150.7 

303 

1974 

10 

22 

00 

12.7 

150.0 

304 

1974 

10 

23 

00 

6.2 

165.7 

305 

1974 

10 

23 

12 

7.1 

163.8 

306 

1974 

10 

24 

00 

8.1 

161.9 

307 

1974 

10 

28 

00 

5.1 

156.4 

308 

1974 

10 

28 

12 

6.1 

155.8 

309 

1974 

10 

29 

00 

7.1 

155.2 

310 

1974 

10 

29 

12 

7.3 

152.5 

311 

1974 

10 

30 

00 

7.5 

150.0 

312 

1974 

10 

30 

00 

10.3 

131.0 

313 

1974 

10 

31 

00 

2.3 

146.0 

314 

1974 

10 

31 

12 

3.8 

144.7 

315 

1974 

11 

01 

00 

5.2 

143.3 

316 

1974 

11 

06 

00 

6.4 

148.4 

317 

1974 

11 

06 

12 

5.7 

145.2 

318 

1974 

11 

07 

00 

5.0 

142.0 

319 

1974 

11 

12 

00 

13.0 

124.5 

320 

1974 

11 

12 

12 

13.6 

122.9 

321 

1974 

11 

13 

00 

14.3 

121.2 

322 

1974 

11 

18 

00 

10.0 

153.6 

323 

1974 

11 

18 

12 

10.1 

150.8 

324 

1974 

11 

19 

00 

10.2 

148.0 

325 

1974 

11 

19 

12 

9.8 

146.8 

